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(4) Introduction

Anti-angiogenic therapy is a promising alternative for treatment of cancer, also it may be used as
maintenance therapy to prevent metastasis or recurrence. While 60% of the approximately 186,000
annual cases of breast cancer now present as node negative, 30% of these cases will recur after local
therapy. Although adjuvant chemotherapy has been demonstrated to improve survival in node negative
breast cancer, it is still unclear how best to identify those patients whose risk of metastatic disease
exceeds their risk of significant therapeutic toxicity. On the other hand, for treatment of locally
advanced disease, anticancer chemotherapy has produced only modest gains. Newer therapeutic
strategies are greatly needed. Anti-angiogenic therapy maybe used to augment the efficacy of the
traditional cytotoxic therapeutic agents. Furthermore, a new line of therapy that has a less side toxicity
effect is definitely needed to provide the patients with more options for treatment. Because angiogenesis
appears to play an important role in the disease progression, anti-angiogenic agents may have a great
potential for treating breast cancer.

While the efficacy of traditional therapeutics has been determined by measuring tumor response
and patient survival, these newer approaches may prolong life and improve symptoms by stabilizing
tumor progression rather than by causing tumor shrinkage. It is therefore necessary to develop improved
endpoints that can determine the clinical activity of these agents during their development. In this
project we used in vitro and in vivo strategies to measure the potential efficacy of anti-angiogenic
compounds in order to facilitate their clinical development. Two breast cancer models, R3230 AC
adenocarcinoma and carcinogen N-ethyl-N-nitrosourea(ENU) induced mammary tumors will be used,
and two drugs known to have anti-angiogenesis effect, taxotere and thalidomide, will be used to treat
cancers. We will measure the therapy induced changes using the in vivo magnetic resonance imaging
and the in vitro immunohistochemistry. Dynamic contrast enhanced MRI has been shown as a non-
invasive means to measure the vascular characteristics in tumors. We will apply this technique to
measure the longitudinal structural and vascular changes taking place in tumors following treatment.
While these structural and vascular changes observed by MRI are macroscopic, they are governed by the
underlying biological changes, e.g. the decrease of microvessel density and changes of other angiogenic
markers. The vascular changes measured by MRI will be correlated with the neovessel density count
(obtained by immunohistochemistry with CD 105 staining) and the angiogenesis index (AI, constituting
3 angiogenic markers, p53, TSP-i, CD31) and expression level of VEGF.

After completion of this pilot study we expect to achieve three goals: (1) to assess the feasibility
of using these two animal models for testing the efficacy of other potential anti-angiogenic compounds,
(2) to identify other therapeutic indicators rather than tumor shrinkage (immunohistochemical markers
or MRI cellular and vascular parameters) for determination of therapeutic efficacy, (3) to find early
therapeutic indicators which will predict the final outcome.
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(5) Body

Five specific aims were proposed. First we will establish the tumor models. For each tumor, when
the size reaches 1.0 cm the baseline MRI study will be performed. After the MRI study core needle
biopsy will be performed to obtain tissue specimens for analysis of baseline angiogenic biomarkers.
Then the tumor will receive treatment. Several MRI studies will be performed to follow the
longitudinal changes. At the conclusion of the study the animal will be sacrificed, and the tumor
excised for measures of post-treatment angiogenic biomarkers.

Aim 1. Establish the R3230 AC adenocarcinoma and ENU induced mammary tumor models.
Aim 2. Perform the baseline dynamic contrast enhanced MRI before administration of

therapeutic drugs to measure the pre-treatment characteristics of tumors.
Aim 3. Perform core needle biopsy to obtain cancer specimens for evaluation of baseline

angiogenic activity using immunohistochemical analysis.
Aim 4. Apply dynamic contrast enhanced MRI to monitor the longitudinal volumetric,

cellular and vascular changes taking place in tumors following therapy.
Aim 5. Perform immunohistochemical studies to measure the CD 105 neovessel density,

VEGF, and the angiogenesis index (AI) markers in tumors for assessment of anti-
angiogenic effects.

The R3230 studies were completed in Yr-01. At beginning of this project 53 rats were
injected with carcinogen ENU, and 46 mammary tumors were found. The MRI studies were
completed in Yr-02. During last year (no-cost extension) immunohistochemical studies were
performed on all ENU specimens, including pre-treatment biopsy samples and post-treatment
tumors. The results are summarized below. In addition to these specified studies, specimens from
another study were available to this project. Immunohistochemical analysis was also performed, and
the data have been described in previous reports. Here all previously reported results are briefly
summarized, and new results are described in details. The entire publications related to this project
are enclosed in the appendix.

Longitudinal Taxotere Chemotherapy Treatment Induced Vascular and Structural Changes
Measured by Dynamic Enhanced MRI
in "Proc., 10th ISMRM Annual Meeting, Hawaii, 2002" p2 13 1 .
Abstract: Chemotherapy induced longitudinal vascular changes taking place during the growth of
an animal tumor, R3230 AC adenocarcinoma were investigated using two contrast agents with
different molecular weights, Gd-DTPA and Gadomer-17. Treated animals were separated into
responders and partial-responders according their viable growth rate 3 weeks after the therapy. In
responders a decrease in the vascular volume as well as in the vascular permeability were observed
at 2-week post-therapy compared to 1 -week's, whereas in controls an increase in both the vascular
volume and permeability were observed at 2-week's compared to 1-week's as measured by
Gadomer- 17 using a pharmacokinetic model on a pixel-by-pixel basis, suggesting that vascular
changes assessed by Gadomer- 17 could serve as a tumor treatment monitor.

Characterization of Carcinogen ENU Induced Benign and Malignant Mammary Tumors in
Rats: Volumetric Growth Rates, Contrast Enhancement Kinetics, and Longitudinal
Monitorina
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"Proc., 10th ISMRM Annual Meeting, Hawaii, 2002" p2180.
Abstract: The carcinogen ENU could induce malignant tumors of various nuclear grades and
different types of benign tumors, thus it can serve to investigate the sensitivity and specificity of
experimental diagnostic agents for differential diagnosis and tumor staging. However, whether it can
be used for studies of recurrence or metastasis has rarely been studied. We measured the volumetric
growth rate and the enhancement kinetics of Gd-DTPA and Gadomer- 17 for each tumor, and
differences between malignant and benign tumors were investigated. Each tumor was surgically
removed and the rats were kept for longitudinal monitoring for recurrence, development of other
tumors, and metastasis.

Ouantitative Vascular Density Assessed by a Semiautomatic Histological Method in
Comparison with MRI Enhancements in Carcinogen Induced Benign and Malignant
Mammary Tumors in Rats
in "Proc., 10th ISMRM Annual Meeting, Hawaii, 2002" p2108.
Abstract: The development of therapeutic efficacy markers for anti-angiogenic or anti-vascular
therapy is in great need. Assessment of microvascular density by immunohistochemical staining is
the most commonly used technique. Imaging can provide a thorough sampling, but to date there is
not a suitable agent and technique whose accuracy has been validated. In this study, we developed a
semi-automatic histological analysis method to quantitatively measure the cross-sectional area of
vessels in carcinogen ENU induced benign and malignant tumors. The results were compared to
enhancements measured by three contrast agents, Gd-DTPA, Gadomer- 17, and albumin-Gd-DTPA.

Characterization of Angio2enesis in The Carcinogen ENU Induced Benign And Malignant
Mammary Tumor Model
in "Proc., 11 th ISMRM Annual Meeting, Toronto, 2003"
Abstract: Angiogenesis in carcinogen ENU-induced benign and malignant tumor models were
studied with dynamic contrast enhanced MRI using two contrast agents (Gadodiamide and
Gadomer-17). The tumors were then excised for immunohistochemical (IHC) staining to measure
expression of angiogenic biomarkers, including mutant p53, TSP-1, VEGF, and Factor VIII
microvessel density. Benign and malignant tumors had distinct contrast enhancement kinetics.
Malignant tumors had a higher microvessel density than benign tumors. MRI and IHC may provide
different aspects (macroscopic and microscopic) complementing each other for assessment of tumor
angiogenesis.

Monitoring Chemotherapy Induced Changes in the Carcinogen ENU Induced Infiltrating Ductal
Adenocarcinoma and Non-Infiltrating Papillary Adenocarcinoma by Longitudinal MRI studies

Abstract
The wide variation of tumor types and grades induced by ENU were used to simulate human

breast tumors. Their response to chemotherapy (Taxotere) was studied. Longitudinal MRI was
applied to measure tumor volume and contrast enhancement kinetics of Gd-DTPA-BMA and
Gadomer-17. Infiltrating ductal adenocarcinomas showed mixed response, fibroadenomas did not
respond well, and all 3 non-infiltrating papillary adenocarnoma were stabilizers. The baseline
Gadomer-17 enhancements at 1-min and 2-min revealed a significant difference between +/- tumor
growth groups at week- 1, suggesting that tumors with a higher vascularity measured by Gadomer- 17
had a better response, possibly due to more drug delivery.
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Purpose
It is well known that carcinogen ENU can induce benign and malignant tumors. In this study we

utilized this wide variation of tumor types and tumor grades to simulate human breast cancer, and
studied their response to chemotherapy (Taxotere). Longitudinal MRI was applied to measure the
tumor volume and the contrast enhancement kinetics of a small extracellular agent Gd-DTPA-BMA
and a medium size blood pool agent Gadomer-17. We investigated whether the vascular parameters
measured by contrast enhanced MRI at an early time can differentiate responders from non-
responders at later times, thus to predict therapy outcome.

Methods
53 Sprague-Dawley rats were injected with 90 mg/kg carcinogen ENU (N-ethyl-N-nitrosourea).

Forty seven mammary tumors appeared within 9 months, and 35 tumors grew to 1.0 cm for the MRI
study, which included 23 infiltrating ductal adenocarcinoma (IDC), 3 non-infiltrating papillary
adenocarcinoma (NPC), 7 fibroadenoma (FA), I Sclerosing adenosis, and I papilloma. The baseline
MRI was conducted when the tumor reached 1 cm. The imaging protocol included a T2-weighted
sequence for volumetric measurement, and the dynamic study using a small molecular weight agent
Gd-DTPA-BMA (®Omniscan, 0.1 mmol/kg), followed by an intermediate molecular weight agent
Gadomer-17 (0.05 mmol/kg, provided by Schering AG, Germany). After the MRI study was
completed the rats received i.v. injection of 4 mg/kg Taxotere. Three follow-up MRI studies were
performed, once per week (noted as Wi, W2, and W3). The rats continued to receive weekly
Taxotere treatment after each MRI study. The volume of each tumor was measured, and depending
on the volumes at W3 compared to the baseline, the tumors were separated into responders (volume
decreased by 50%), non-responders (volume increased by 50%), and stabilizer (others). Also, the
response at each time point compared to the baseline was analyzed. The MRI enhancement
parameters (at 30 sec, 1-min, and 2-min) and the K21 decay rate were used to investigate whether
any of these parameters themselves, or the changes compared to the previous time measures, can be
used to differentiate responders from non-responders at a later time.

Results
Among these 35 tumors, 29 tumors (20 IDC, 3 NPC, 4 FA, 1 adenosis, and 1 papilloma) have

completed the longitudinal study at 4 time points. According to the tumor volume at the end of
week-3 compared to the baseline (noted as GR), the tumor was classified into responder (GR < 0.5),
stabilizer (0.5 < GR <1.5), and non-responder (GR > 1.5). Of the 20 IDC, 9 were responders, 5 were
stabilizers, and 6 were non-responders. Interestingly all 3 NPC were stabilizer. Three fibroadenomas
were non-responders and only one FA was a responder. Figure 1 shows the T2-weighted images and
the contrast enhancement kinetics from an IDC which showed a consistent regression. Figure 2
shows another IDC which grew larger over time. However, not every tumor was responding
consistently. Given the complicated response pattern, the statistical analysis was only performed for
IDC and the response at each time point was analyzed separately. Tumor size at week-I compared to
the baseline was calculated, and separated into +/- growth groups. Among all 8 MRI parameters, the
baseline Gadomer-17 enhancements at 1 -min and 2-min at baseline showed a significant difference
(p < 0.05, Wilcoxon rank-sum tests) between the 2 groups with +/- growth at week-l. The same
analysis was applied at week-2 and week-3, but no MRI parameters revealed a significant difference
between different growth groups at week-2 and week-3.
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Figure 1: The T2-weighted image, and the enhancement kinetics measured by Gd-DTPA-BMA and
Gadomer- 17 in one responder tumor (infiltrating ductal adenocarcinoma). The tumor showed
continuous regression over time. The kinetics measured by Gd-DTPA-BMA showed reduced intensity
after the first treatment, and the pattern of the curve became more flattened (i.e. no wash-out).
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Figure 2: The T2-weighted image, and the enhancement kinetics measured by Gd-DTPA-BMA and
Gadomer- 17 in one non-responder tumor (infiltrating ductal adenocarcinoma). The tumor grew larger
and larger over time. The Gd-DTPA-BMA kinetics were similar over time, and the Gadomer- 17
kinetics showed a great reduction at Week-I then recovered to the baseline level at Week-3.
Discussion

The volumetric changes and contrast enhancement changes in ENU induced tumors receiving
Taxotere were measured by longitudinal MRI. ENU induced benign and malignant tumors (came
with 2 major types, infiltrating ductal adenocarcinoma, and non-infiltrating papillary
adenocarcinoma simulating in-situ cancers). Among all tests, only the baseline Gadomer-17
enhancements at 1-min and 2-min revealed a significant difference between IDC's which grew
bigger at week-I versus those which shrank at week-1. This maybe interpreted as that tumors with a
higher vascularity measured by Gadomer- 17 had a better response (shrinkage), possibly due to more
drug delivery. The data also indicated that although ENU induced tumors came with a large
variation, they also showed different responses to therapy. Although ENU induced tumors may
simulate the variety in human breast cancer, but it may not be a good tumor model for drug response
testing.

Immunohistochemical Staining in pre-treatment Biopsy samples and post-treatment specimens
Purpose

In addition to MRI which was used to accurately measure the tumor volume and magnitude of
contrast enhancements, molecular markers were used to measure the underlying molecularbiology of
angiogenesis. After the baseline MRI study was completed, biopsy was performed to obtain tissue
samples, then chemotherapy was administered. After the animal completed 3 cycles chemotherapy, the
animal was euthanized, and the tumors were excised. The pre-treatment biopsy samples and the post-
treatment tumor specimens were stained using immunohistochemical methods to measure the
microvessel density, and the expression level of p53, TSP-I and VEGF. The results in pre-treatment
and post-treatment samples were compared, also the differences in different tumors were investigated.

Methods
Four IHC markers were studied, p53 (using Santa Cruz SC6243), Factor VIII microvessel

density (using Zymed 180018 antibody), thrombopondin-I (using Labvision MS421 antibody), and
VEGF (using Santa Cruz SC7269 antibody). The intensity of p53 and VEGF staining was scored as
follows: negative when less than 5% of tumor cells display staining, 1+ when the intensity of
staining is mild, 2+ moderate, 3+ intense and equal to positive control, 4+ when intensity is greater
than positive control. VEGFand p53 Histoscores were calculated by multiplying % of positive cells
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by the intensity of staining plus I [Histoscore = % positive cells x (intensity + 1)]. Vascular counts
were determined by light microscopy under 200x magnification. Three areas where the highest
number of discreet microvessels were stained were chosen by a pathologist, and any immunoreactive
endothelial cell that is separate from adjacent microvessels will be considered as a "countable"
vessel. For TSP-1, image analysis using the CAS 200 system (Becton Dickinson, San Jose, CA) was
performed to quantify the staining intensity of the TSP 1 marker positive cell populations. Values
were converted to the product of positive area and positive stain expressed as optical density (O.D.)
units using CAS 200 software.
Results

Figures 3-6 show the IHC staining slides of Factor VIII vessel density using Zymed 180018
antibody, and VEGF using Santa Cruz SC7269 antibody in 4 different tumor types, 2 malignant-
infiltrating ducal carcinoma and papillary adenocarcinoma, and 2 benign-fibroadenoma and
adenosis. The two malignant tumors had higher Factor VIII microvessel densities than the two
benign tumors. Ductal adenocarcinoma had the highest VEGF, and the fibroadenoma also had a high
VEGF. All ENU tumors had positive p53 staining.

Figure 3: The immunohistochemical staining for Factor VIII (using Zymed 180018 antibody, left) and
VEGF (using Santa Cruz SC7269 antibody, right) in one infiltrating ductal carcinoma (IDC). The vessel
density was 114/200x field, and VEGF staining showed 100% positive cells with 2-3+ intensity.

pe
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Figure 4: The immunohistochemical staining for Factor VIII (using Zymed 180018 antibody, left) and
VEGF (using Santa Cruz SC7269 antibody, right) in one papillary adenocarcinoma (PAC). The vessel
density was 106/200x field, and VEGF staining showed 30% positive cells with 1 + intensity.

Figure 5: The immunohistochemical staining for Factor VIII (using Zymed 180018 antibody, left) and
VEGF (using Santa Cruz SC7269 antibody, right) in one benign fibroadenoma (FA). The vessel density
was 90/200x field, and VEGF staining showed 80% positive cells with 3+ intensity.

p|

Figure 6: The immunohistochemical staining for Factor VIII (using Zymed 180018 antibody, left) and
VEGF (using Santa Cruz SC7269 antibody, right) in one benign adenosis (ADNS). The vessel density was
76/200x field, and VEGF staining showed 50% positive cells with 2+ intensity.

The results in pre-treatment biopsy samples and post-treatment specimens are shown in Figures
7-9. Majority of ENU induced tumors were IDC, and 20 of them completed 3 cycles treatment. The
response was assessed based on the final volume compared to the baseline volume. Of these 20 IDC,
11 were responders, 5 were stabilizer, and 6 were non-responders. All 3 PAC were stabilizer, and 3
of 4 fibroadenoma were non-responders. The data from these 5 groups are shown in the figure,
including IDC responder (IDC Res), IDC stabilizer (IDC_Stbl), IDC non-responder (IDCNonR),
PAC stabilizer (PACStbl), and fibroadenoma non-responder (FANonR). The individual responses
of 9 tumors in the IDC responders are shown in Figure 10.
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Figure 7: The VEGF histoscore, defined as [% positive cells x (staining intensity+ 1)], measured
from the biopsy samples taken in the baseline study before treatment and from the post-treatment
specimens. The data in 5 groups are shown, IDC responder (IDCRes), IDC stabilizer (IDCStbl),
IDC non-responder (IDCNonR), PAC stabilizer (PAC_Stbl), and fibroadenoma non-responder
(FANonR). The pre-treatment MHC data for FA group were not available. Error bars show the
standard deviation. The baseline measures were not significantly different between groups. The
IDCNonR group had a lower VEGF histoscore compared to others, but not significant. Very high
deviation was noted. Although some changes were seen after treatment, but not significance.
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Figure 8: The TSP-i optical density measured from the biopsy samples taken in the baseline study
before treatment and from the post-treatment specimens. Error bars show the standard deviation. The
baseline measures were not significantly different between groups, and no significant changes were
noted after treatment.
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Figure 9: The Factor VIII vessel density measured from the biopsy samples taken in the baseline
study before treatment, and from the post-treatment specimens. Error bars show the standard
deviation. The baseline measures were not significantly different between groups. Although some
changes were seen after treatment, not reaching the significance level.
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Figure 10: The changes of VEGF histoscore (a), TSP-i optical density (b) and Factor VIII vessel
count in 200x field (c) in the post-treatment specimen compared to the pre-treatment biopsy sample,
for the 9 individual tumors in the IDC Responder group. Some tumors showed increase and some
showed decrease, thus no consistent changes were noted.

Two statistical analyses were performed, first to investigate whether the baseline IHC measures
were different between tumors in different response groups, then to investigate whether the changes
after therapy were correlated with responses. The results did not reveal significant differences in
baseline IHC measures between groups, also there was not significant post-therapy changes between
groups. It is known that tissue sampling is a major problem in any type of molecular analysis. That
may be one reason to account for the insignificant results. Another reason may be the complicated
response pattern as reported previously. Some tumor would grow larger then regress, and some
would regress first then grow larger. In the current analysis the overall treatment outcome was
determined based on the volume at week-3 compared to the baseline, the IHC data may also be
analyzed with respect to responses at week-I and week-2, as for the analysis of MRI data.
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( Key Research Accomplishments

* Carried out magnetic resonance imaging studies to monitor the taxotere treatment-induced
effects in R3230AC and ENU induced tumors

* Performed immunohistochemical studies to stain p53, TSP-1, Factor VIII, and VEGF in rat tissues.

The specimens available from a previous study consisting of various tumor types, and the current
study before and after chemotherapy were studied.

* Correlate MRI data and the IHC marker data with the tumor types and the response to
chemotherapy.

(l All publications related to this project

"* Two journal papers were published.
"* Six conference papers were presented.

Journal Paper:
Min-Ying. Su, Hon Yu, Jr-Yuan Chiou, Jun Wang, John P. Fruehauf, Orhan Nalcioglu, Rita S.

Mehta, and Choong Hyun Baick. Measurements of Volumetric Changes and Vascular Changes with
Dynamic Contrast Enhanced MRI for Cancer Therapy Monitoring. Technology in Cancer Research
and Treatment, 1(6): 479-488, 2002.

M. Samoszuk, L. Leonor, F. Espinoza, P. M . Carpenter, 0. Nalcioglu, and M.-Y. Su. Measuring
microvascular density in tumors by digital dissection. Analytical and Quantitative Cytology and
Histology 24(1):15-22, 2002.

Conference Abstracts:
M-Y. Su, M. J. Hamamura, H. Wang, H. J. Yu, J. Wang, P. M. Carpenter, 0. Nalcioglu. Monitoring
Chemotherapy Induced Changes in the Carcinogen ENU Induced Infiltrating Ductal
Adenocarcinoma and Non-Infiltrating Papillary Adenocarcinoma by Longitudinal MRI Studies.

"Proc., 12th ISMRM Annual Meeting, Kyoto, Japan, 2004" p2 3 7 3 .

Min-Ying Su, Hon Yu, Jun Wang, Phillip Carpenter, John Fruehauf, and Orhan Nalcioglu,

"Characterization of Angiogenesis in The Carcinogen ENU Induced Benign And Malignant
Mammary Tumor Model". in "Proc., 11 th ISMRM Annual Meeting, Toronto, 2003"
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Min-Ying Su, Hon Yu, Jun Wang, Orhan Nalcioglu, "Characterization Of Angiogenesis in The

Carcinogen ENU Induced Benign And Malignant Mammary Tumor Model" Second Era of Hope
meeting (Department of Defense Breast Cancer Research Program Meeting), Orlando, FL, 2002

Min-Ying Su, Michael Samoszuk2, Leonard Leoner, Phillip M. Carpenteri, and Orhan Nalcioglu,

Quantitative Vascular Density Assessed by a Semiautomatic Histological Method in Comparison
with MRI Enhancements in Carcinogen Induced Benign and Malignant Mammary Tumors in Rats..

in "Proc., 10th ISMRM Annual Meeting, Hawaii, 2002" p2108.

Hon Yu, Min-Ying Su, Jun Wang, and Orhan Nalcioglu, Longitudinal Taxotere Chemotherapy
Treatment Induced Vascular and Structural Changes Measured by Dynamic Enhanced MRI. in
"Proc., 10th ISMRM Annual Meeting, Hawaii, 2002" p2 131 .

Hon Yu, Min-Ying Su, Jun Wang, Phillip M. Carpenter2, and Orhan Nalcioglu, Characterization of

Carcinogen ENU Induced Benign and Malignant Mammary Tumors in Rats: Volumetric Growth
Rates, Contrast Enhancement Kinetics, and Longitudinal Monitoring. in "Proc., 10th ISMRM

Annual Meeting, Hawaii, 2002" p2 180.

(8) Research personnel during the entire project years

Min-Ying Su, PhD PI
Orhan Nalcioglu, PhD Investigator
John Fruehauf, MD PhD Investigator
Tugan Muftuler, PhD Investigator

Jun Wang, MD Post-doc
Changqing Chen, MD Post-doc
Huali Wang, MD PhD Post-doc
Hon Yu Graduate student
Mark Hamamura Graduate student

Leonard Leoner Staff Research Assistant
Nabil Saba MRI system engineer

Liqun Chang Animal technician
Mine Demir Project coordinator
Atiye Muftuler Project coordinator
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(2l Conclusions
This project was proposed to study therapeutic indicators for anti-angiogenic therapy. Two

different animal tumor models were studied, R3230 AC adenocarcinoma and carcinogen ENU
induced tumors. Longitudinal MRI studies were performed before and during therapy to monitor the
volumetric and vascular changes occurring over the entire treatment period. Two different MR

contrast agents, one clinically approved agent and one medium-sized blood pool agent Gadomer- 17,
were used to measure the contrast enhancement kinetics in each MRI study. After the baseline MRI
study, biopsy was performed to obtain pre-treatment tissue samples. After completing the therapy,
the tumor specimens were also obtained for immunohistochemical analysis. Four molecular markers
p53, TSP-1, VEGF and factor VIII microvessel density were studied. The longitudinal MRI

volumetric and contrast enhancement data and the IHC marker data from pre- and post-treatment
tissue samples were correlated with the tumor responses to investigate whether they were associated

with, thus could predict, the final treatment outcome.

Three goals were stated in the proposal. Here the results were concluded with respect to each goal.
(1) to assess the feasibility of using these two animal models for testing the efficacy of other

potential anti-angiogenic compounds
R3230 AC tumor was a malignant adenocarcinoma in rats. It had a very rapid growth rate, and

therapy could only slow down its growth, never regress the tumor. ENU induced tumors came with
different types, thus could simulate the wide variation of human breast cancer. However, the tumor
also showed a very complicated response pattern, not a steadily progressing, stabilizing, or steadily

regressing pattern as in humans. However, that may be due to relatively ineffective therapy used in

this study. The response pattern may be better appreciated with a more effective therapy.

(2) to identify other therapeutic indicators rather than tumor shrinkage (immunohistochemical
markers or MRI cellular and vascular parameters) for determination of therapeutic efficacy

Among all parameters, including immunohistochemical markers or MRI cellular and vascular
parameters, there was not a parameter showing consistent changes, thus none of them could be used

to determine therapeutic efficacy. Tumor volume was still the most useful and relevant indicator.

(3) to find early therapeutic indicators which will predict the final outcome.
All MRI markers and IHC markers were correlated with final treatment outcome (as assessed by

final volumetric change). Unlike in humans, the early volumetric changes did not predict outcome.

The contrast enhancement kinetics measured using the blood pool agent Gadomer- 17 may provide
an indication for therapy response. In R3230AC tumor, it was shown that the vascular volume
measured by Gadomer- 17 decreased in responder, and increased in non-responders. In ENU induced
tumors it was shown that the baseline vascularity measured from Gaomer- 17 contrast enhancement
was associated with future response, possibly due to a higher blood supply thus more delivery of
therapeutic agents.
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One new abstract presented at the 12' ISMRM meeting is attached to this report.
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Chemotherapy Induced Changes in the Carcinogen ENU Induced Infiltrating Ductal
Adenocarcinoma and Non-Infiltrating Papillary Adenocarcinoma by Longitudinal MRI Studies.
"Proc., 12th ISMRM Annual Meeting, Kyoto, Japan, 2004" p2 3 7 3 .

One set of all related publications is enclosed.
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Monitoring Chemotherapy Induced Changes in the Carcinogen ENU Induced Infiltrating Ductal Adenocarcinoma and
Non-Infiltrating Papillary Adenocarcinoma by Longitudinal MRI studies

Min-Ying Su, Mark Hamamura. Huali Wang, Hon Yu, Jun Wang, Philip Carpenter, Orhan Nalcioglu
Center for Functional Onco-Imaging and Department of Pathology, University of California-Irvine, CA 92697-5020, USA

Purpose
It is well known that carcinogen ENU can induce benign and malignant tumors. In this study we utilized this wide variation of tumor types and tumor grades to

simulate human breast cancer, and studied their response to chemotherapy (Taxotere). Longitudinal MRI was applied to measure the tumor volume and the contrast
enhancement kinetics using two contrast agents (a small extracellular agent Gd-DTPA-BMA, and a medium size blood pool agent Gadomer-17). We investigated
whether the vascular parameters measured by dynamic contrast enhanced MRI at an early time can differentiate responders from non-responders at later times, thus to
predict therapy outcome.

Methods
53 Sprague-Dawley rats were injected with 90 mg/kg carcinogen ENU (N-ethyl-N-nitrosourea). Forty seven mammary tumors appeared within 9 months after

ENUJ injection, and 35 tumors grew to 1.0 cm for the MRI study, which included 23 infiltrating ductal adenocarcinoma (IDC), 3 non-infiltrating papillary
adenocarcinoma (NPC), and 7 fibroadenoma (FA) I Sclerosing adenosis and I papilloma. The baseline MRI was conducted when the tumor reached 1 cm in diameter.
The imaging protocol included a T2-weighted sequence for volumetric measurement, and the dynamic study using a small molecular weight agent Gd-DTPA-BMA
(DOmniscan, 0. 1 mmol/kg), followed by an intermediate molecular weight agent Gadomer-17 (0.05 mmol/kg, provided by Schering AG, Germany). After the MRI

study was completed the rats received i.v. injection of 4 mg/kg Taxotere. Three follow-up MRI studies were performed, once per week (noted as WI, W2, and W3).
The rats continued to receive weekly Taxotere treatment after each MRI study. The volume of each tumor was measured from the T2-weighted images, and depending
on the volumes at W3 compared to the baseline, the tumors were separated into responders (volume decreased by 50%), non-responders (volume increased by 50%),
and stabilizer (others). Also, the response at each time point (W 1, W2 and W3) compared to the baseline was analyzed separately. The MRI enhancement parameters (at
30 see, I -min, and 2-min-approximately the maximum enhancement after contrast injection) and the K21 decay rate were used to investigate whether any of these
parameters themselves, or the changes compared to the previous time measures, can be used to differentiate responders from non-responders at a later time.

Resumt
Among these 35 tumors, 29 tumors (20 IDC, 3 NPC, 4 FA, I adenosis, and I papilloma) have completed the longitudinal study at 4 time points. According to the

tumor volume at the end of week-3 compared to the baseline (noted as GR), the tumor was classified into responder (GR < 0.5), stabilizer (0.5 < GR <1.5), and non-
responder (GR > 1.5). Of the 20 IDC, 9 were responders, 5 were stabilizers, and 6 were non-responders. Interestingly all 3 NPC were stabilizer. Three fibroadenomas
were non-responders and another FA was a responder. Figure I shows the T2-weighted images and the contrast enhancement kinetics measured from an infiltrating
adenocarcinoma which showed a consistent regression with treatment. Figure 2 shows another infiltrating adenocarcinoma which apparently did not respond to
treatment. The tumor grew larger over the three weeks period. However, not every tumor was responding consistently. Some would grow bigger at week-I, then started
to shrink, and some would shrink first and later grew larger. Given the complicated response pattern, the statistical analysis was only performed for IDC and the
response at each time point was analyzed separately. Tumor size at week-I compared to the baseline was calculated, and separated into +/- growth groups. Among all 8
MRI parameters, the baseline Gadomer-17 enhancements at I-min and 2-min at baseline showed a significant difference (p < 0.05, Wilcoxon rank-sum tests) between
the 2 groups with +/- growth at week-I. The same analysis was applied at week-2 and week-3, but the tests indicated that no MRI parameters revealed a significant
difference between different growth groups at week-2 and week-3.

One responder (infiltrating ductal adenocarcinoma) One non-responder (infiltrating ductal adenocarcinoma)
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Figure I: The T2-weighted image, and the enhancement kinetics measured by Gd- Figure 2: The T2-weighted image, and the enhancement kinetics measured by Gd-
DTPA-BMA and Gadomer- 17 in one responder tumor (infiltrating ductal DTPA-BMA and Gadomer-17 in one non-responder tumor (infiltrating ductal
adenocarcinoma). The tumor showed continuous regression over time. The adenocarcinoma). Apparently the tumor grew larger and larger over time. The Gd-
kinetics measured by Gd-DTPA-BMA showed reduced intensity after the first DTPA-BMA kinetics were similar over time, and the Gadomer-I 7 kinetics showed a
treatment, and the pattern of the curve became more flattened (i.e. no wash-out). great reduction at Week-I then recovered to the baseline level at Week-3.

Discussion
In this study we investigated the volumetric changes and contrast enhancement changes in ENU induced tumors receiving Taxotere, as measured by longitudinal

MRI. The ENU induced benign and malignant tumors, and the malignant came with 2 major types, infiltrating ductal adenocarcinoma, and non-infiltrating papillary
adenocareinoma (simulating in-situ cancers). Among all tests, only the baseline Gadomer-17 enhancements at -mmin and 2-min revealed a significant difference
between IDC s which grew bigger at week-I versus those which shrank at week-I. This maybe interpreted as that tumors with a higher vascularity measured by
Gadomer- 17 (a blood pool contrast medium) had a better response (showing shrinkage), possibly due to more drug delivery. However, the data also indicated that not
only ENU induced tumors came with a large variation, they also showed different responses to therapy. Although ENU induced tumors may simulate the variety in
human breast cancer, but it may not be a good tumor model for drug response testing.
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Longitudinal dynamic contrast enhanced MRI studies were undertaken to monitor therapy John P. Fruehauf MD Ph.D. 2

induced volumetric and vascular changes. Three study components are presented in this Rita S. Mehta, M.D. 3

work: one animal tumor chemotherapy study (R3230 AC adenocarcinoma treated with Choong Hyun Baick, M.D 4

Taxotere), one patient with invasive lobular breast cancer undergoing neoadjuvant chemother-

apy (AC regimen), and one patient with brain metastasis of primary breast cancer undergoing

radiation therapy (40 Gray whole brain irradiation). In the animal study two contrast media 
tJohn Tu & Thomas Yuen Center for

with different molecular weights, Gadodlamide and Gadomer-17, were used. Only Gadomer- Functional Onco-Imaging
17 revealed significant changes in vascular properties. The responders showed decreased

Vb (vascular volume index) and K2 (out-flux transport rate), which preceded tumor regression. University of California
The control tumors showed increased Vb and K2, before tumor growth became much faster. Irvine Hall 164

In the patient undergoing neoadjuvant therapy, the tumor was shrinking by 45% after 2 cycles Irvine, CA 92697-5020, USA

of treatment, then again by 45% after 2 additional cycles. K2 was decreasing over time with

treatment. In the patient with brain metastasis, the 2 follow-up studies were much longer apart 
2 Oncotech Inc. Tustin, CA

to monitor the regression and relapse of lesions. The pre-treatment volumes of lesions in the 
3Department of Medicine, UC Irvine

group without recurrence were significantly smaller compared to those with recurrence, In 4Department of Surgery, UC Irvine
summary, the tumor volume was more sensitive than the vascular parameters measured by

the small extracellular contrast medium for the assessment of therapy response and predic-

tion of recurrence. The vascular properties measured by macromolecular contrast medium

may have the potential to serve as early therapeutic efficacy indicators.

Key words: Contrast Enhanced MRI, Breast cancer, Chemotherapy, Radiation therapy,

Therapy response

Introduction

Locally advanced breast cancer may be unresectable due to its invasion.
Neoadjuvant chemotherapy may downstage the tumor, decrease the tumor size
and render tumor resectable (1-2). Recent trend of breast conservation therapy
encourages patients to receive down-staging neoadjuvant chemotherapy, even if
cancers are readily operable, to avoid mastectomy or to improve prognosis (3-5).
Furthermore, neoadjuvant chemotherapy may be used as an in vivo measure of
tumor response to treatment, especially to evaluate the benefits of new treatment
approaches (6-9). In parallel it has become increasingly important to develop
reliable monitoring methods to measure the response of cancer at early times
after the therapy is initiated. If therapy failure can be predicted early, it can be
aborted to spare the patient from ineffective treatment and the associated mor- * Corresponding Author:

bidity. MRI provides great soft tissue contrast, and the post enhanced image after Min-Ying Su, Ph.D.
administration of contrast medium provides clear tumor margin for its delin- Email: msu@uci.edu
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eation, thus may be the best imaging modality for monitor- console (Cleveland, OH). One set of T2-weighted images
ing therapeutic response of breast cancer (10-14). When the covering across the tumor were acquired for volumetric
enhancement kinetics is acquired dynamically, the vascular measurements, using a fast spin echo sequence with
properties of the tumor can be obtained by performing phar- TR=5500ms, TE=105.6 ms and 8 echo train. Then a TI-
macokinetic analysis (15-16). Dynamic contrast enhanced weighted sequence (RF-FAST VOL, with TRITE= 18/3.6 ms
MRI maybe applied longitudinally to reveal therapy induced and flip angle=200 ) was used for the dynamic contrast
vascular changes occurring in the tumor. In this study, we enhancement study. A total of 40 acquisitions were pre-
investigated whether the changes in the vascular parameters scribed. The temporal resolution was 24 sec for each acqui-
were associated with the final therapeutic response, thus sition. The contrast medium was injected as a short bolus
might serve as early therapeutic indicators, after the first 4 acquisitions have been completed. In this ani-

mal study, two contrast media, an extracellular agent
Three study components are included in this work. We first Gadodiamide (0.1 mmol Gd/kg Omniscan®, Nycomed Inc.
used an animal model (R3230 AC adenocarcinoma treated Princeton, NJ) and a medium-sized agent Gadomer- 17 (0.05
with Taxotere) for the development of study protocol and mmol Gd/kg), were injected sequentially. Gadomer- 17 was a
analysis methods. Pixel-by-pixel analysis was performed to dendrimeric compound with size equivalent to a 35 kD pro-
handle the tumor heterogeneity problem (17). The pixel pop- tein, provided by Schering AG (Berlin, Germany). Firstly,
ulation distribution curves of vascular volume index (Vb) and Gadodiamide was injected and the enhancement kinetics
vascular permeability index (out-flux transport rate K2) were were measured. After waiting 1 hour for the clearance of
calculated. The longitudinal vascular changes were measured Gadodiamide, Gadomer- 17 was injected and the enhance-
to determine whether they precede the volumetric changes of ment kinetics were measured. After the baseline MRI was
tumors, thus may serve as therapeutic indicators. In the ani- completed, six of the nine rats received i.v. injection of
mal study, we used two different contrast media, Taxotere (4 mg/kg, Aventis Pharmaceuticals Products Inc.
Gadodiamide (<I kD) and Gadomer- 17 (35 kD). It is known Collegeville, PA) for chemotherapy. All rats were scanned at
that the macromolecular contrast medium (MMCM) may one week (week- 1), two weeks (week-2) and three weeks
reveal the vascular properties more accurately (18-19). The (week-3) after the baseline study (week-0) for follow-up.
results obtained from the two contrast media were compared. The same imaging protocol with 2 sequentially injected con-

trast medium was used in all studies. The rats in the treated
The same study protocol and the analysis methods were group received chemotherapy weekly, after each MRI study.
applied to two human studies: a patient with breast cancer
receiving neoadjuvant chemotherapy (AC regimen), and a The total tumor volume was measured by manually outlining
patient with metastatic breast cancer in the brain receiving the tumor region on T2-weighted images. The viable tumor
radiation therapy. A pre-treatment and two follow-up stud- volume (determined as the enhanced tumor regions) was
ies were performed for each patient. In the breast cancer measured by threshold segmentation based on Gadodiamide
neoadjuvant therapy study, the volumetric changes and the enhanced images. The detailed procedure has been pub-
vascular changes (Vb and K2) occurring in the lesion after lished previously (17). Figure la shows the growth curve of
completing 2 cycles and 4 cycles of treatment were com- viable tumor volumes in 6 rats. It can be seen that the largest
pared to investigate their relationship. In the brain metasta- difference between controls and treated tumors happened at
sis radiation therapy study, the two follow-up studies were week-3. The ratio of week-3 volume divided by week-2 vol-
performed to measure remission and then relapse of lesions. ume was used to categorize the degree of responses, as
The volume and the vascular properties of lesions in the shown in Figure lb. Those tumors shrinking between week-
baseline study were analyzed with respect to their recurrence 2 and week-3 were categorized as responders, and those still
status to investigate whether they can predict the recurrence. growing but at a slower rate compared to the controls were

categorized as partial responders (not shown in Fig. la).
Materials and Methods Three of the six treated rats were classified as responders

(with week-3/week-2 growth ratios of 0.82, 0.88 and 0.88),
Animal Tumor Chemotherapy Study whereas the other three treated rats were classified as partial

responders as their ratios were greater than 1 (1.07, 1.22 and
Nine female Fischer-344 rats (160 - 170 g) bearing the 1.26), but still lower than the control group's ratios (1.92,
R3230 AC adenocarcinomas were used in the study. A small 1.93 and 2.24). Since the most volumetric group differences
fragment of tumor harvested from a donor rat was implanted happened between week-2 and week-3, we were interested
subcutaneously into a rat. When the tumor grew to 0.8 cm in in measuring changes in the enhancement kinetics prior to
diameter (approximately 3 weeks after implantation), the the changes in tumor volume occurred, i.e. between week-I
baseline MRI study was conducted. The animal MRI exper- and week-2. In addition to the overall enhancement kinetics,
iments were performed on a 3.0-T scanner using a Marconi the changes in the pixel population distribution curves of
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, Contol the contrast medium in the extravascularextracellular space, k,
Sois the in-flux transport rate from plasma to interstitial space,,and k2 is the out-flux transport rate from interstitial space back

E into plasma. K 1 and K2 are the transport constants related to the
0 6'

Sleakage space, whereas kI and k2 are related to whole tissue.
* Total enhancement kinetics constituted the contributions from

both the vascular and the extravascular compartments. The
0 2. total concentration in a selected region of interest in tissue, CT,
>7 is from the contributions of both plasma and extravascular

. .. compartments, as shown in Eq. [2].

Time (weeks) (a) CT(t) = Vp* Co(t) + V, • Co(t) = Vb Cb(t) + V, " Ce(t)

[2]

"A where Cp is the contrast medium concentration in plasma,
A which is related to (Gd) in blood by Cb = Cp(l-Hct), Hct =

Shematocrit, V p is the plasma volume fraction (blood volume
Vb = Vp/(1-Hct)), and V, is the leakage space fraction in the
selected ROL.

"A Non-Linear Least squares (NLLS) fitting was applied to
, , ,analyze the measured enhancement kinetic curve, for obtain-

Control Partlal-R Responder (b) ing three independent fitting parameters from the best fit.

Figure 1: The growth curve of the viable tumor volume in 3 control and 3 These three parameters were: the apparent vascular volume

responder rats. The most difference happened at wek-3. The ratio between (Vb), the product of the in-flux transport rate and the distri-
week-3 and week-2 viable tumor volume was used to separate responders bution volume in the interstitial space (VeKI), and the out-
(ratio <: 0.82,0.88,0.98) and partial responders (ratio>l: 1.07,1.22.1.26) flux transport rate (K 2). The analysis process was similar to
from controls ( 1.92, 193. 2.24). that described by Tofts, who proposed a unified model that

reconciles various models proposed by different research
pharmacokinetic parameters were measured. All pixels con- groups (15). Our notation VeK I is equivalent to (kinPSP), and
tained within the viable region of each tumor were analyzed K2 is equivalent to (koutPSP/ve) used in the unified model.
on a pixel-by-pixel basis by using a 2-compartmental phar-
macokinetic model, as described next. The enhancement kinetics from each pixel was measured

then fitted with the pharmacokinetic model to obtain the vas-
Pharmacokinetic Analysis and Pixel Population Distribution cular volume (Vb) and the out-flux transport rate (K2). For

each parameter, the values from all pixels of 3 tumors in
A 2-compartmental model can be used to describe the trans- each study group were pooled together and sorted in a
port of contrast medium in tissue vascular and interstitial descending order, then the cut-off values of the top 90% pix-
spaces as a function of time, which allows the determination els, 80% pixels, 10% pixels were determined to generate the
of the relative tracer concentration in these two tissue com- pixel population distribution curve. The detailed procedure
partments. The details of the methodology have been has been published previously (17).
described in previous publications (20-21). Briefly, the
transport of tracer from the plasma compartment into the Monitoring Neoadjuvant Chemotherapy in A Patient with
extravascular compartment can be expressed as Eq. [ 1]. Breast Cancer

dCe
Ve dt kI Cp- k2 C e 1(a) The similar study protocol and analysis methods used for the

animal study were used for the human study. Dynamic con-
trast enhanced MRI was applied to monitor the efficacy of

dCe neoadjuvant chemotherapy in a 48-year-old women with inva-
or dt = K1Cp -K 2Ce 1(b)) sive lobular breast cancer. The MRI scan was performed on a

1.5 Tesla Marconi Eclipse system (Cleveland, OH) with a ded-
where K1 and K2 are defined as K k" k/Vc, and K2 ak 2 /Ve. icated breast coil. The dynamic acquisition was performed
Cp and Ce are the tracer concentrations in the plasma and using a 3D gradient echo pulse sequence (RF-FAST VOL)
extravascular compartments, V, is the distribution volume of with TR/TE = 10/3.6 ms, flip angle = 200, and acquisition
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matrix = 256x 128. The temporal resolution was 42 sec for coronal view, TR = 10 ms, TE = 3.63 ms, flip angle = 20
one acquisition. The FOV (Field of view) was 32 cm. Thirty- degree, slice thickness = 6 mm, FOV = 22 cm, image matrix
two slices with 4 mm thickness were used to cover both = 256x 128x28. number of frames = 16. The temporal reso-
breasts. Sixteen frames were prescribed. The contrast medi- lution for each acquisition was 34 sec. Since many small
um Gadodiamide (]cc Omniscan® per 10 lbs body weight, lesions were identified, image registration was required to
Nycomed Inc. Princeton, NJ) was injected after 4 acquisitions locate the corresponding lesions in different studies. The
were completed. The post contrast images were acquired for realignment program provided in SPM99 (Statistical
the next 12 frames, lasting approximately 8 minutes after Parametric Mapping, Developed by members & collaborators
injection. After the baseline MRI, the patient received AC of the Wellcome Department of Cognitive Neurology, UK)
regimen chemotherapy (Adrimycine and Cyclophosphamide). was used to register the set of 3D images taken in the follow-
The follow-up MRI exam was performed at 2 weeks after up studies to those in the baseline study. Figure 3a shows the
completing 2 cycles, then again at 2 weeks after completing 4 realigned contrast enhanced images from 4 consecutive slices
cycles to measure the therapy induced changes. (columns) acquired in 3 studies (rows). As noted in the fig-

ure, 7 lesions were identified from these 4 slices in the base-
The analysis was similar to that used in animal studies. The line study. Most lesions disappeared or became very small
tumor regions were determined from contrast enhancement with a much lower contrast enhancement at the 3-month fol-
maps. The color-coded enhancement maps were obtained by low-up study (2 months after completing radiation therapy).
subtracting the mean pre-contrast image (averaged over the Six months later in the second follow-up study, some lesions
first 4 frames) from the 2-min post enhanced image (the 8 th did not recur, some recurred but with a small size, and some
frame). The color-coding scale was fixed in the analysis of lesions were with a large size, even bigger than their initial
all 3 MRI studies, so that the tumor regions could be deter- size in the baseline study.
mined with a consistent criterion. The enhancement maps of Table I
one slice containing a tumor mass in the 3 MRI studies are The volumes of 7 lesions in the baseline and the 2nd follow-up studies in
shown in Figure 2a. It clearly demonstrated that the tumor Figure 3
was shrinking. A boundary covering the entire bilateral Lesions Baseline volume (cc) 2n follow-up volume tcc)
breast region was drawn for the pixel-by-pixel analysis. The 1 045 044
enhancement kinetics of all pixels contained within this 2 0.96 0.08
boundary were measured, then analyzed with the pharmaco- 3 1.20 1.18
kinetic model to obtain the parameters. These fitted param- 4 0.26 0

5 0.50 0
eters were then used to construct the pharmacokinetic maps, 6 0.97 0
shown in Figure 2b for Vb and Figure 2c for K2. The fitting 7 1.28 0.07
parameters obtained from all tumor pixels were separately
obtained to calculate the pixel population distribution The color-coded enhancement maps were obtained, and from
curves. The Vb and K2 curves in the pre-treatment and the 2 which the tumor region was outlined to measure the volume
post-treatment studies were compared. of each lesion. Figure 3b shows the corresponding enhance-

ment maps of the 4 slices. The darker reddish color repre-
Assessment of Recurrence in A Patient with Metastatic sents a higher enhancement. Only lesions exhibiting red
Breast Cancer in the Brain enhancement color was counted. Some larger lesions were

found to extend into the neighboring slices. By carefully
The similar study protocol was applied to study one female examining their relative locations, we could identify whether
patient (54-year-old) with metastatic breast cancer in the a lesion shown on one slice was a separate lesion or was a
brain. A baseline MRI was performed before initiation of part of a lesion from the previous slice. All together, 32
radiation therapy. Then the patient received 40 Gray whole lesions were identified in the baseline study. The volumes of
brain radiation therapy for 4 weeks. A follow-up MRI was the 7 identified lesions shown in Figure 3 in the baseline and
performed at 2 months after the radiation therapy was com- the second follow-up studies are listed in Table I. Lesions 4,
pleted. Almost all metastatic lesions in the first follow-up 5 and 6 did not recur. Lesions 2 and 7 recurred but with a
study disappeared, thus the changes in the enhancement much smaller volume. Lesions I and 3 recurred to their base-
kinetics were not assessed. Then 6 months later the third line sizes. In addition to the volume, the enhancement kinet-
MRI was performed to examine the recurrence of brain ics of all lesions were analyzed using the same pharmacoki-
metastasis. Therefore, in this study instead of investigating netic analysis methods. For each lesion, the enhancement
the therapy induced short-term changes, we were interested in kinetics of all pixels were measured, then analyzed with the
studying the indicators for recurrence. The dynamic contrast pharmacokinetic model to calculate the pixel population dis-
enhanced MRI was acquired using the same 3D gradient echo tribution curves of Vb and K2. We were interested in investi-
pulse sequence (RF-FAST VOL). The parameters were: gating which baseline characteristics of the lesion (volume,

Technology in Cancer Research & Treatment, Volume 1, Number 6, December 2002



Dynamic Contrast Enhanced MRI for Therapy Monitoring 483

Pre-Treatment After 2-cycles After 4-cycles-- Figure 2: The color-coded enhancement
maps (a) of one imaging slice containing a

(a) tumor mass in the pre-treatment study and the

2 follow-up studies after completing 2 cycles
and 4 cycles treatment. The darker reddish
color represents a higher enhancement. The
color-coding scale was identical in the 3 MRI

studies, The tumor was shrinking with treat-
(b) mcnt, Pixel-by-pixel pharmacokinetic analy-

Vb (b) and K2 (c) maps.

Vb and K2 profile) were associated

(a) ith he rcurrncethus may be used
*6 to predict the recurrence status.

[4 7Results

Animal Tumor Chemotherapy Study

The tumor bearing animals tolerated
the Taxotere chemotherapy well.

However, the therapy did not cause a

substantial effect on the R3230 AC

adenocarcinoma resulting in shrink-
age. The treated tumors showed a

slower growth rate compared to the
controls. The most difference between

control and treated tumors occurred

3between week-2 and week-3, thus it
was used to separate responders and
partial responders from controls. The(BN ichanges in the tumor enhancement

kinetics between week-I and week-2

(before the volumetric change

occurred) were studied. Figure 4

shows the pixel population distribu-
tion curve of Vb for the control group
(Fig. 4a) and the responder group (Fig.

4b) measured with Gadomer- 17 at

Figure 3: The contrast enhanced images (a)
and the color-coded enhancement maps (b) of 4
consecutive imaging slices in the baseline

study before treatment (1st row), the first fol-
low-up study when the lesions regressed (2"d

row), and the second follow-up study when the
lesions relapsed (31d- row). For some large
lesions extending into the neighboring slices,
they could be identified by the relative location.
The volumes of each lesion in the baseline and
the second follow-up studies were measured

from the color-coded enhancement maps.
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week-I and week-2. In the control group the Vb curve at ment kinetics measured by the smaller extracellular agent
week-2 was increased throughout the whole population corn- Gadodiamide. The Vb and K2 distribution curves did not show
pared to the curve at week-I (significant from 10th to 70 th per- any significant changes among these 3 groups.
centile); whereas in the responder group the distribution at
week-2 was reduced with respect to its week-I's curve Monitoring Neoadjuvant Chemotherapy in A Patient with
throughout the whole population (significant from 30th to 70 th Breast Cancer
percentile). Figures 5a and 5b show the pixel population dis-
tribution curves of K2 at week-I and week-2 measured with In the breast patient study only the clinically approved small
Gadomer- 17 for the control and responder groups, respective- contrast medium Gadodiamide was used. Three MRI stud-
ly. In the control group the K2 was increased throughout the ies were performed, one pre-treatment and 2 follow-up's at 2
population (significant from 20th to 80 th percentile). weeks after 2 cycles of treatment and 2 weeks after 4 cycles
Interestingly that was associated with the much faster growth of treatment. The biopsy results showed that the patient had
of tumors subsequently from week-2 to week-3. In contrast confirmed multi-focal lobular cancers at 2 different sites.
the responders showed decreased K2, but it was not statistical- The image slice shown in Figure 2 only covered one mass at
ly significant. The changes in the Vb and K2 profiles from one site. The volumes of this mass were 3.7 cc at baseline,
week- I to week-2 were opposite between controls and respon- 2.0 cc after 2-cycles of treatment and I. 1 cc after 4-cycles of
ders. The partial responder group showed an increased Vb at treatment. The tumor shrank by 45% after 2-cycles, then
week-2 with respect to week-I's and showed a decreased K2. again shrank by 45% after 2 more cycles. The other mass
Similar procedures were performed to analyze the enhance- connecting to this one, and the tumor at another site all
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Vascular Volume Index (V,) (b) Figure 5: The pixel population distribution curves of the out-flux transport
Figure 4: The pixel population distribution curves of the vascular volume rate (K2) in the control (a) and the responder (b) groups at week- I and week-
index (V,,) in the control (a) and the responder (b) groups at week-I and 2. In the control group, the K2 was increased at week-2 throughout the
week-2. In the control group, the Vb shifted to higher values at week-2 entire population. interestingly that was assciated with the much faster
throughout the entire population-d whereas in the responder group the Vb Was growth rate subsequently between wk-k-2 and wekk-3 (shown in Fig. I a).

reduced at week-2 compared to week- I. In the responder group the K2 was reduced at week-2 compared to week- I.
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showed similar responses and a comparable shrinkage rate. are shown in Figure 6b and 6c, respectively. In the Vb dis-
Figure 6a shows the enhancement kinetics measured from tribution profile, the pre-treatment and the post 2-cycles
this mass at the 3 time points, using the region of interest studies had similar curves, and the post 4-cycles study had

analysis covering the entire mass. The baseline kinetics had substantially lower Vb values. In the K2 distribution profile,
the highest magnitude and a clear wash-out phase. The mag- it demonstrated a reduced K2 over time with treatment. For
nitude of enhancement decreased with treatment. All pixels all analyzed parameters, the tumor volume was the one
contained within this mass were analyzed on a pixel-by-pixel showing the highest percentage change with treatment.
basis, then the Vb and K2 population distribution curves
were calculated. The Vb and K2 curves in the 3 MRI studies Assessment of Recurrence in A Patient with Metastatic

Breast Cancer in the Brain
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Figure 6: The contrast enhancement kinetics (a) measured from the mass Figure 7: Thirty-two brain metastatic lesions identified in thc baseline
shown in Figure 2 at three time points. The lesion exhibited a slower up- study were separated into three groups according to their recurrence size (no
slope and lower enhancement magnitude after receiving treatment. The recurrence, volume < 0.45,or volume > 0.48) in the second follow-up study.
swash-out rate became flattened after treatment, Pixel-by-pixel analysis was The baseline volumet(a) and the median Vb(b) and median K2 (c) of lesions
performed to obtain the population distributiosn curve Of Vb (c) and K2 (c) in in each group are shown. The error bar represents the standard deviation.
all 3 MRI studies. The Vb was reduced at post 4-cycles, and the K, was Only the baseline volume was associated with the recurrence status (signif-
decreasing with treatment. icantly lower in the no-recurrence group).
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In this brain metastasis study similarly three MRI studies therapy study was different from the 2 chemotherapy studies.
were performed, one before radiation therapy, and 2 follow- The follow-up times were longer to study remission (Ist fol-
up's at 2 months and 8 months after completing a treatment low-up, 2 months after completing radiation therapy) then
regimen of 4-weeks-long 40 Gray whole brain irradiation. relapse (2nd follow-up, 6 months after the Ist follow-up) of
By carefully examining the relative location of all lesions brain metastasis. We investigated whether the baseline
shown on contrast enhanced images, 32 separate lesions lesion volume or the vascular properties were associated
were identified in the baseline study. In the first follow-up with the recurrence status. If such relationships can be
study, these lesions either totally disappeared or became very found, one may predict which lesion is more likely to recur.
small and showed a much lower enhancement. In the second
follow-up study, some lesions recurred, some did not, and In the animal studies the tumors were separated into respon-
also some new lesions appeared. By co-registering all ders and partial-responders according to their volumetric
images in the 3 studies, we were able to match the lesion growth curves (Fig. I). Since the largest volumetric differ-
locations to determine the recurrence size of each of the 32 ences happened between week-2 and week-3, the changes of
lesion. Nine lesions did not recur; 14 lesions recurred with vascular properties between week-I and week-2 were of
a volume less than 0.45 cc; and 9 lesions recurred with a vol- interest. The vascular volume index (Vb) and the permeabil-
ume greater than 0.48 cc. The largest recurrence lesion size ity index (K2) measured by Gadomer-17 showed significant
was 4.0 cc. According to their recurrence size, the 32 base- changes between controls and responders. In the control
line lesions were separated into 3 groups. The baseline vol- group, the Vb and the K2 (Figs. 4a and 5a) increased from
ume and the enhancement kinetics of all lesions in each week-I to week-2, which was associated with the much faster
group were measured then compared between groups. growth rate between week-2 and week-3 (Fig. la). In the
Figure 7a shows the baseline volumes of lesions in these 3 responder group the Vb and K2 decreased (Figs. 4b and 5b),
groups. The group without recurrence had a significantly which was associated with the subsequent regression between
smaller volume (0.65 ± 0.55 cc) than the group with small week-2 and week-3 (Fig. Ia). In the partial responder group
recurrence (1.45 ± 1.20 cc) or the group with large recur- the Vb increased from week- I to week-2 but the K2 decreased.
rence (1.83 ± 1.37 cc). The difference between the later 2 The partial responder tumors still grew between week-2 and
groups was not significant. The enhancement kinetics of all week-3 but at a much slower rate compared to control tumors.
pixels contained within each lesion were measured then ana- The results suggest that the early vascular changes in Vb and
lyzed with the pharmacokinetic model to obtain the Vb and K2 as measured by a macromolecular contrast agent such as
K2 population distribution curves. The median Vb and K2 of Gadomer- 17 could possibly serve to predict the treatment effi-
each lesion was obtained for statistical analysis. Figures 7b cacy. Similar analysis was performed to analyze the vascular
and 7c show the mean value of the median Vb and K2 for the properties measured by the small extracellular agent
3 groups, respectively. Apparently there was no difference Gadodiamide. But not any significant changes were observed
in the baseline median Vb or median K2 of lesions in these 3 between groups. The results were consistent with the findings
groups. Similar analysis was performed for all pixel per- reported in an earlier publication studying R3230 AC tumor
centile values (l 0 th to 9oth). None of these Vb or K2 values receiving Mitomycinc-C chemotherapy (17). The utility of
showed significant differences among the three groups. macromolecular contrast medium (MMCM)-enhanced MRI

for tumor angiogenesis characterizations has been established
Discussion experimentally in a range of cancer types including breast,

ovary, fibrosarcoma, and prostate (22).
We reported three studies in this work, an animal tumor
chemotherapy study, a human breast cancer neoadjuvant In the human breast cancer neoadjuvant chemotherapy. the
chemotherapy study, and a human metastatic breast cancer volumetric shrinkage was the most pronounced feature
radiation study. The similar study protocol and analysis among all parameters analyzed. The lesion shown in Figure
methods were used in all 3 studies. The only difference was 2 showed a 45 % reduction in size for every 2 cycles of treat-
that in the animal study we could use a medium-sized macro- ment. The enhancement kinetics measured from the remain-
molecular agent Gadomer-17. This agent is not an FDA ing lesion showed a slower up-slope, a lower enhancement
approved agent for human study. Pre-treatment and follow- magnitude, and a flattened wash-out phase after treatment
up studies were performed to measure the changes of tumor (Fig. 5a). The enhancement kinetics was greatly dependent
volumes and the vascular properties over time. In the first 2 on the region of interest covering the lesion. In our analysis
chemotherapy studies, the relationship between volumetric the tumor region was outlined based on color-coded enhance-
changes and vascular changes were investigated. If earlier ment maps obtained at 2-min post contrast injection (Fig. 2b).
vascular changes were associated with subsequent volumet- A consistent color-coding scale was used in all 3 MRI studies.
ric changes, then they may serve as early therapeutic indica- Only regions showing a red color coding were included in the
tors to predict final outcome. The nature of the radiation tumor ROI. Therefore, it was not surprisingly that the
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enhancement kinetics did not show substantial changes. If the another study, they used longitudinal pharmacokinetic MRI to
tumor ROI in the follow-up studies enclosed a larger region monitor the response of malignant brain glioma to stereotactic
with lower enhancements, then the volumetric shrinkage rate radiotherapy (27). It was found that a low enhancement
would be smaller, and the changes in the enhancement kinet- amplitude before therapy, combined with an early drop of K21

ics would be greater. In the pharmacokinetic analysis, a after therapy, can reliably predict subsequent tumor shrinkage.
reduced Vb in the second follow-up study (Fig. 5b). and a More studies are needed to define the role of longitudinal
trend of decreasing K2 over time with treatment (Fig. 5c) were dynamic contrast enhanced MRI in assessment or prediction
observed. The percentage changes in Vb and K2 were much of the response of brain metastasis to radiotherapy.
smaller than the percentage change in tumor volume. Since
only one case study was presented, significance of this result Summarizing from all three studies reported in this work, the
could not be determined. The same protocol will have to be changes in tumor size seemed to be the most sensitive
applied to study a cohort of patients, then the appropriate sta- response to treatment and to predict recurrence. Contrast
tistical analysis can be performed to assess the potential of enhanced images are definitely required for the tumor volu-
using vascular properties to predict final therapy outcome. metric delineation, but the pharmacokinetic vascular proper-

ties analyzed from dynamic contrast enhancement studies
Several studies employing contrast enhanced MRI for moni- did not seem to provide additional useful information for
toring neoadjuvant chemotherapy in breast cancer have been monitoring therapy efficacy in human studies. This may due
reported. Gilles et al. studied 18 patients and showed that to the use of smaller molecular weight contrast agent
early enhancement correlated well with pathological residual (Gadodiamide), that extravasates rapidly into the interstitial
tumor (10). Abraham et al. applied RODEO MRI technique space. When the macromolecular contrast media are
to determine tumor response and the extent of residual dis- approved for clinical use, they may provide useful early indi-
ease in 39 patients, and concluded that MRI performed better cators which are associated with the final therapeutic out-
than traditional methods of physical exam or mammogram in come, as demonstrated in our animal study.
assessment of response (12). Trecate et al. used dynamic
contrast enhanced MRI to exam 30 patients, and reported an In this study the pharmacokinetic analysis was performed on a
overall accuracy of 90% (13). Rieber et al. reported a series pixel-by-pixel basis to handle the problem of tumor hetero-
of 58 patients (14). Tumor size and the dynamic contrast geneity. The pixel population distribution curve allows the
medium uptake pattern were evaluated and compared with analysis in the entire population spectrum or in a certain sub-
the final histological findings. The diagnostic accuracy for group of pixels. Whether the subpixel population analysis can
assigning patients to the non-response (NR) group was 83.3 provide useful information to predict therapy outcome will have
% and to the partial response (PR) group was 82.4%, but the to be determined in a study involving larger number of patients.
determination of residual tumor size was unreliable in the
complete response (CR) group. Esserman et al. investigated Acknowledgement
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response to neoadjuvant chemotherapy (23). The cireum- The authors thank Schering AG and Dr. H.-J. Weinmann for
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Measuring Microvascular Density in Tumors by
Digital Dissection

Michael Samoszuk, M.D., Leonard Leonor, B.S., Froilan Espinoza, M.D.,
Philip M. Carpenter, M.D., Orhan Nalcioglu, Ph.D., and Min-Ying Su, Ph.D.

OBJECTIVE: To develop and validate a digital dissection greater than the measurement of blood vessel density as
technique for measuring the cross-sectional area of blood identified by immunohistochemical staining for factor
vessels in histologic sections of tumors routinely stained VIII. The between-run coefficients of variation for the
with hematoxylin and eosin. MVD assay were 12% (n=5) for a human breast cancer
STUDY DESIGN: The procedure was first validated in and 18% (n = 5)fo•r an experimental rat tumor.
four experimental tumors in rats by comparing the re- CONCLUSION: The digital dissection technique is a re-
sults of the digital dissection technique to functional es- producible, objective and accurate method of measuring
tinates of the blood volume in the tumors as measured by MVD in sections of tumors that are routinely stained
dynamic, contrast-enhanced magnetic resonance imag- with hematoxylin and eosin. (Analyt Quant Cytol His-
ing. The method was then tested on a variety of experi- tol 2002;24:15-22)
mental and human tumors.
RESULTS: The digital dissection technique yielded re- Keywords: blood vessels; angiogenesis, pathologic;
suits that exactly matched the functional measurements image analysis, computer-assisted; magnetic reso-
of blood volume in four experiniental tumors. Digital dis- nance imaging; microvascular density; digital dis-
section of 40 additional tumors in rats showed that 21 section.
infiltrating ductal carcinomas had significantly greater
microvascular density (MVD) than 19 benign fibroade- Intratumoral microvascular density (MVD) has
nonias (12% vs. 7.9%, P=.028 by two-tailed t test). In been proposed as a prognostic factor in various
10 human breast carcinomas the MVD was consistently types of cancer and as a potential marker for treat-
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ments that target blood vessels in cancer. 23 ,24 . Be- In this report, we describe a semiautomated, elec-
cause angiogenesis is typically heterogeneous tronic procedure for directly measuring the cross-
throughout tumors, it is often difficult to assess sectional area of blood vessels in routinely stained
overall MVD by manually counting blood vessels in histologic sections of tumors. The procedure
only a few selected portions of tumors.4 This diffi- employs rapid "digital dissection" of a two-
culty in measuring MVD accurately may account dimensional image of the tumor to select and mea-
for some of the earlier conflicting reports regarding sure only the blood vessels within the tumor. The
the clinical significance of MVD in breast,14  term digital dissection refers to a semiautomated pro-
prostate1 ,9 and thyroid cancer. 2  cedure in which an imaging software program elec-

A number of methods have been described for tronically identifies and measures blood vessels
measuring intratumoral MVD. One of the first after an experienced operator digitally defines the
methods involved assessment of neovascular "hot color of the blood vessels and, in some cases, the re-
spots" highlighted with anti-factor VIII antibody. 24  gion of interest. Results are expressed as a percent-
Subsequent studies suggested that CD31 and CD34 age of the total surface area of the section occupied
might be better markers for identifying blood ves- by blood vessels. Below we demonstrate that this
sels in tumors.6 ,2 2 The wide variation in methods morphometric approach produces reproducible re-
and results eventually prompted an international sults that match those generated by functional MRI
consensus meeting to develop specific recommen- assessments of blood perfusion in tumors.
dations for the methodology and criteria for evalu-
ating of MVD.22 More recently, digital image analy- Materials and Methods
sis of breast cancer sections stained with Digital Dissection Procedure
monoclonal antibody to factor VIII has been pro- All studies were performed on tissues that were
posed as a procedure for MVD.5 fixed in neutral buffered formalin and embedded in

In order to be useful and accurate, histologic tech- paraffin blocks in the usual manner. Sections of the
niques for measuring MVD must ultimately be val- tumors were cut at 5-tim thickness and stained with
idated against an independent, noninvasive, func- hematoxylin and eosin prior to analysis.
tional measurement of blood flow within the tumor Each tumor was evaluated independently by two
because the blood flow in a tumor is presumably re- pathologists, who recorded 10 digital images at 40 x
lated to MVD as well as to other factors. One such from each slide using a Nikon Eclipse E600 micro-
functional method of sampling blood vessels of an scope (Garden City, Long Island, New York,
entire tumor and of estimating angiogenic activity U.S.A.) equipped with a Spot digital camera (Diag-
employs contrast-enhanced magnetic resonance nostic Instruments Inc., Sterling Heights, Michigan,
imaging (MRI). 2 1 Other methods of assessing the U.S.A.). A typical slide included two to four differ-
functional status of tumor microvasculature in- ent sections of the tumor. Each image represented a
clude color-coded Doppler flow measurement,' 5  randomly selected, nonoverlapping region of
positron emission tomography 7 and uptake of tumor and connective tissue.
albumin-Evan's blue dye.10  The individual images were then digitally dis-

Of these methods, MRI now appears to be the sected and analyzed using Image-Pro Plus, version
preferred functional assay for assessing blood yes- 4, image analysis software (Media Cybernetics, Sil-
sel density within tumors.3,11 However, the signal ver Spring, Maryland, U.S.A.). In order to select
enhancement measured by MRI is a function of blood vessels for measurement, we used cubes of
many variables besides blood vessel density, in- defined red, green and blue (RGB) values that
cluding the amount of the contrast agent, relative ranged from 0 to 256 for each color. These RGB
perfusion of the tumor and microvascular perme- color values were assaigned by the software and
ability within the tumor.18 For example, in order to were defined by the color of red blood cells in the
measure blood volume in tissues more accurately image and by the color of empty space in the blood
by MRI, it is important to use a blood pool contrast vessels. Generally each image required at least
agent that remains in the vasculature rather than a three cube values for assessment. For red blood
small contrast agent that quickly leaks into the in- cells, the RGB values ranged from approximately
terstitial space. For that reason, we used a macro- 176,43,85 to 239,99,134. Thus, we defined the crite-
molecular agent (albumin-Gd-DTPA) in the MRI ria for intravascular space measurement as a com-
studies described below. bination of red blood cells and clear areas devoid of
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staining. By defining RGB values for each tissue in ethyl-N-nitrosourea, as previously described. 2° The
this manner, we could compensate for any signifi- four tumors that were used in the initial validation
cant variations in fixation or staining quality, study were selected in order to cover a wide range

These criteria do not necessarily include very of nuclear grade and differentiation, as measured
small blood vessels or exclude lymphatic vascular by the Skarf-Bloom-Richardson (SBR) scale20 (SBR
channels without red blood cells. In practice, how- grades ranging from 3 to 9). For factor VIII immu-
ever, our preliminary studies indicated that such nostaining studies, we used paraffin blocks from 10
"lymphatic" channels or small blood vessels with- randomly selected cases of human breast cancer
out red blood cells generally constituted signifi- that had been subjected to routine staining for es-
cantly less than 10% of the total MVD in a typical trogen receptors. One of these cases was then ran-
microscopic field (data not shown). Hence, no cor- domly selected for use in the reproducibility stud-
rection was applied to compensate for possible lym- ies, along with one randomly selected experimental
phatic vessels or for undercounting of small vessels, tumor from a rat.
We think that this decision was appropriate and
justifiable because there are no objective criteria at Initial Validation Studies Using MRI

this time to identify small empty blood vessels or The MRI measurements of blood volume within the
open, lymphatic vessels, four tumors in rats used for the initial validation

In some cases the RGB values of red blood cells studies were performed exactly as described in a
and empty blood vessel space overlapped with the previous publication.16 In brief, a macromolecular
color of necrotic debris, glandular lumen or fat. For contrast agent (albumin-Gd-DTPA) was injected
this reason, we found it necessary, in approximate- into the tail vein of the rats, and the time course of
ly 25% of images, to have an experienced patholo- signal enhancement was measured in the tumor.
gist define a region of interest using a tool that was Linear regression fitting was performed in order to
incorporated into the software. When set for an "ir- fit the last 30 data points, and the blood volume was
regular" area, this tool permitted the pathologist to defined as the y-intercept in the best-fitting line.
define an area of any shape within the image to
which the RGB values would be applied. Essential- Factor VIII Immunostaining

ly, the tool digitally dissected the region of interest The 10 cases of human breast cancer were im-
away from potentially interfering portions of the munostained with monoclonal antibody to human
image. factor VIII (Dako, Carpenteria, California, U.S.A.)

After the operator defined the RGB values (and, using standard immunohistochemical staining
in some cases, the area of interest), the statistical techniques. For each tumor, we then acquired im-
program accompanying the image analysis soft- ages of five nonoverlapping fields. These images
ware then counted the number of pixels with the were then analyzed with the Image Pro software. In
defined RGB values within the defined area. The brief, we manually traced the continuous outline of
average number of pixels corresponding to red blood vessels that were stained with factor VIII an-
blood cells and vessel lumens was then calculated tibody in each image, and the software then inte-
for the 10 representative fields from each tumor. Be- grated the area of each image that was enclosed by
cause there are 1,358,395 pixels in the image array a continuous tracing. Results were expressed as a
for the Spot camera, we then calculated the ratio of percentage of the total surface area of each image.
blood vessel pixels to total pixels in the image. This
ratio represented the proportion of the total surface Reproducibility Studies

area of the image that was occupied by blood ves- The experimental rat tumor and human breast can-
sels and was a two-dimensional approximation of cer were each reanalyzed by a single observer on
MVD. The results were multiplied by a factor of 100 five successive days. We then calculated the aver-
in order to represent the percentage of the area of age MVD and coefficient of variation (interassay
the image occupied by cross-sections of blood ves- precision) for each tumor. To determine the effects
sels. of fixation, we examined tissues that had been fixed

for 2, 4, 8 and 24 hours in neutral-buffered formalin
Tumors or B-5 fixative. The effects of day-to-day variations
For animal studies, the malignant and benign breast in staining quality were assessed by cutting, stain-
tumors that we used were induced in rats by N- ing and measuring sections of the same tissue on
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five separate days. We also reviewed archival slides three degrees of freedom) and a significance level
of human breast cancer that had been cut and of .03. We conclude, therefore, that the MVD pro-
stained at three outside institutions. cedure is valid because it consistently produced

Results rank order results that exactly matched the rank
order of functional measurements of blood volumeRepresentative Digital Dissection of Microvessels in in the four experimental tumors. Moreover, there

Tumors was a relatively high degree of statistical correla-
Representative examples of the digital dissection of tion between MVD and the results of the MRI stud-
blood vessels in images from four different experi- ies.
mental tumors in rats are presented in Figure 1. The
blood vessel lumens and red blood cells were elec- MVD in 40 Experimental Rat Tumors
tronically captured (indicated as a yellow pseudo- The results of the measurement of MVD in 40 ex-
color) and quantified. An experienced operator perimental rat tumors (21 infiltrating ductal carci-
completed the dissection and measurement of each nomas and 19 benign fibroadenomas) are presented
representative microscopic field in less than two in Figure 3. There was considerable overlap in MVD
minutes. Using this technique, we could reliably values for both categories of tumor. Nevertheless,
identify and capture blood vessels as small in di- the mean MVD for invasive carcinomas (11.9%) was
ameter as a few red blood cells (Figure I F and H). significantly higher (P- =.028 by a two-sample t test

for the difference in the means of two samples, as-
MRI Signal Enhancement Studies of Four suming equal variances) than the mean MVI) for fi-
Experimental Tumors broadenomas (7.9'%). These results are consistent

We previously showed that the peak signal en- with the finding of a previous report that invasive
hancement in dynamic contrast-enhanced MRI is carcinomas generally have a greater blood perfu-
related to vascular density."I The results of dynam- sion than fibroadenomas when assessed by MRI, al-
ic contrast-enhanced MRi of four experimental rat though there is substantial overlap in the MRI
tumors are presented in Figure 2. Tumor B clearly measurements as well.2

()

had a different enhancement kinetic pattern than
the other three tumors. At early time points (first CVD and Factor VIII Areas in Human rreast
two time points after injection) it displayed slow en- (aners
hancement, indicating low perfusion; at later times The relationship between MVD and factor VIII area
it showed a continuous enhancing pattern, indicat- in 10 human breast cancers is plotted in Figure 4. In
ing that the contrast agent was slowly leaking into every case, MVD exceeded the area of the tumor
the interstitial space due to high permeability of the that was circumscribed by factor VIII immunostain-
microvessels. The blood volume was determined as ing. Microscopic examination confirmed that factor
the y-intercept by performing linear regression fit- VIII did not stain all the vascular channels that con-
ting to the last 30 data points, as previously de- tained red blood cells within the tumors. Moreover,
scribed."9 The intercept enhancement for tumor B factor VIII staining was frequently discontinuous or
was therefore determined to be 30, indicating the faint, making it difficult to trace and measure the
highest blood volume. Tumors D, A and C had sig- surface area bounded by factor Vill.
nal enhancement intercepts of 18.3, 16.9 and 8.3, re-
spectively. Thus, the rank order for blood volume in Reproducibility Studies
these four tumors was B > D > A > C. The between-run precision (coefficient of variation)

The digital dissection procedure yielded an MVD of MVD measurement in a representative experi-
of 6% for tumor B. For tumors D, A and C, the MVD mental tumor in a rat was 18% (n = 5). In a repre-
values were 4%, 3.4% and 2.6%, respectively. Thus, sentative human breast cancer, the between-run
the rank order of the tumors for MVD was precision was 12% (n = 5). The average interpathol-
B> D> A> C, exactly matching the rank order for ogist variation between two pathologists on four
the MRI signal enhancement. Identical rank order randomly selected cases was 15%.
results were also obtained when a second patholo- Tissues that had been fixed in formalin for four or
gist independently performed the MVD procedure. more hours uniformly yielded sections that could

A linear regression analysis relating MVD to MRI be reproducibly and easily evaluated by the digital
results yielded R 2 =.96, with an F value of 62.1 (at dissection technique. Fixation for less than four
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tumors in rats. Atter the RC,;B

~~values for redi blood( rellIs and
lumenal spac es were deftinedI
b~y the opierator, I le sofjtware
automatir ally, seler ted theS?•'• blood] vessels within the

S. . •images (in(Iinated hy yellow- pseud)Ii coh ir) an(I iunted theS~number of pixels within the
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x 40LI

hours often yielded substantial retraction artifact malim. The variation attributable to day-to-day dif-
that severely interfered with interpretation. Tissues ferences in staining with hematoxylin and eosin
that were properly fixed in B-5 produced results was approximately 6%/,. Archival slides stained at
that were equivalent to those after fixation in for- three other institutions were also readily interpret-
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Figure 2 Signal enhancements after injection of albumin-Gd-DTPA, measured by MRI in four experimental tumors. The miter(ept for the
linear regression fitting to the last 30 data points was used as the blood volume index. The tumor in (B) had the highest intercept
enhancement (30.1). The tumor in (C) had the lowest intercept enhancement (8.3). The intercept enhancements for tumors (A) and (D)
were 16.9 and 18.3, respectively. Thus, the rank order for blood volume was B > D > A> C.

ed by this method when the RGB values were reset and is easily and rapidly performed (usually less
for each slide in order to compensate for variations than two minutes per image). Furthermore, the
in staining quality, method that we describe does not rely upon the im-
Discussion munohistochemical identification of specific vascu-

lar endothelial markers or the manual counting of
In this report we describe a new, semiautomated blood vessels.
procedure for measuring MVD in tumors. Unlike Measurement of MVD in tumors by any morpho-
previously described methods of measuring MVD, metric method is potentially subject to sampling er-
our procedure was first validated against a func- rors due to the intrinsic heterogeneity in the distri-
tional indicator of blood flow in tumors (dynamic bution of blood vessels within a tumor.17 Thus,
contrast-enhanced MRI) that presumably was relat- optimum assessment of MVD by morphometry re-
ed to MVD. Our morphometric approach has a high quires analysis of multiple images and sections of
degree of precision (coefficient of variation < 20%) the tumor in order to gain a truly accurate and rep-
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resentative measurement of the overall blood vessel 9

density. For this reason, a semiautomated proce-

dure (such as the one that we describe) is preferable -

to manual methods, especially when analyzing a
large number of images.

A somewhat unexpected finding in this study
was the apparent discordance between MVD, as
measured by our digital dissection technique, vs.
tracing of factor VIII staining. As mentioned above, "
much of this discrepancy may be attributed to the ,

inherent technical difficulty in reproducibly identi-
fying and tracing often-discontinuous staining for 0 10 1 2o 2.-, 10 1 4 ,

factor VIII. Another possible explanation is that fac- MVD 0"')

tor VIII was not expressed on some of the vascularchannels within the tumors that we studied because Figure 4 Comparison of MVD to factor VIII staining in lit
human breast cancers. In every case, MVD was greater than the

the endothelial cells lining the channels were them- surface area enclosed by factor VIII immunostaining.
selves abnormal.' 3 It is not clear if this phenomenon
could also be related to the concept of vasculogenic
mimicry that was previously described for uveal
melanomas.8,12  References
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Monitoring Chemotherapy Induced Changes in the Carcinogen ENU Induced Infiltrating Ductal Adenocarcinoma and

Non-Infiltrating Papillary Adenocarcinoma by Longitudinal MRI studies
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Purpose

It is well known that carcinogen ENU can induce benign and malignant tumors. In this study we utilized this wide variation of tumor types and tumor grades to
simulate human breast cancer, and studied their response to chemotherapy (Taxotere). Longitudinal MRI was applied to measure the tumor volume and the contrast
enhancement kinetics of a small extracellular agent Gd-DTPA-BMA and a medium size blood pool agent Gadomer-17. We investigated whether the vascular parameters
measured by contrast enhanced MRI at an early time can differentiate responders from non-responders at later times, thus to predict therapy outcome.

Methods

53 Sprague-Dawley rats were injected with 90 mg/kg carcinogen ENU (N-ethyl-N-nitrosourea). Forty seven mammary tumors appeared within 9 months, and 35
tumors grew to 1.0 cm for the MRI study, which included 23 infiltrating ductal adenocarcinoma (IDC), 3 non-infiltrating papillary adenocarcinoma (NPC), 7
fibroadenoma (FA). I Sclerosing adenosis, and I papilloma. The baseline MRI was conducted when the tumor reached I cam. The imaging protocol included a
12-weighted sequence for volumetric measurement, and the dynamic study using a small molecular weight agent Gd-DTPA-BMA (,kOmniscan, 0.1 mmol/kg).
followed by an intermediate molecular weight agent Gadomer-t 7 (0.05 mmol/kg, provided by Schering AG, Germany). After the MRI study was completed the rats
received i.v. injection of 4 mg/kg Taxotere. Three follow-up MRI studies were performed, once per week (noted as WI, W2, and W3). The rats continued to receive
weekly Taxotere treatment after each MRI study, The volume of each tumor was measured, and depending on the volumes at W3 compared to the baseline, the tumors
were separated into responders (volume decreased by 50%), non-responders (volume increased by 50%), and stabilizer (others). Also, the response at each time point
compared to the baseline was analyzed. The MRI enhancement parameters (at 30 see. I-min, and 2-min) and the K21 decay rate were used to investigate whether any of
these parameters themselves, or the changes compared to the previous time measures, can be used to differentiate responders from non-responders at a later time.

Result"

Among these 35 tumors, 29 tumors (20 IDC, 3 NPC, 4 FA, I adenosis, and I papilloma) have completed the longitudinal study at 4 time points. According to the
tumor volume at the end of week-3 compared to the baseline (noted as GR). the tumor was classified into responder (GR < 0.5), stabilizer (0.5 < GR <1.5), and
non-responder (GR > 1.5), Of the 20 IDC, 9 were responders, 5 were stabilizers, and 6 were non-responders. Interestingly all 3 NPC were stabilizer. Three
fibroadenomas were non-responders and only one FA was a responder. Figure I shows the T2-weighted images and the contrast enhancement kinetics from an IDC
which showed a consistent regression. Figure 2 shows another IDC which grew larger over time. However, not every tumor was responding consistently. Given the
complicated response pattern. the statistical analysis was only performed for IDC and the response at each time point was analyzed separately. Tumor size at week-I
compared to the baseline was calculated, and separated into +/- growth groups. Among all 8 MRI parameters, the baseline Gadomer- 17 enhancements at I-min and
2-min at baseline showed a significant difference (p < 0,05. Wilcoxon rank-sum tests) between the 2 groups with 4/- growth at week-I, The same analysis was applied
at week-2 and week-3. but no MRI parameters revealed a significant difference between difterent growth groups at week-2 and week-3.

One responder (infiltrating ductal adenicaroinomta) One non-responder (infiltrating ductal adenocarcinoma)
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Figure I The 2-weiglhted image, and die enhancement kinetics measured by Gd- Figure 2 The T2-1wetghtrd image, and the enhamnement kinetics measured by (Qd-
DrPA-BMA(lefti) and Gadomer-I 7(rightt in one responder tumor (infiltrating I)TPA-BMA(I.) and Gadomer-17(R) in one non-responder tumor (infiltrating
ductal ader•ocarcroma) 'he tumor showed cotmmuous regreMion over time. The ductal adenocarcinoma). Apparently the tumor grew larger and larger over time
kinetics measured by Gd-DTPA-BMA showed reduced intensity after the first The Gd-DTPA-BMA kinetics were similar over time, and Gadomner-17 kinetics
treatment, and the pattern of the curve became more flattened ( e. no wash-out). showed a great reduction at week-I then recovered to the baseline level at week-3.

Divcussion

The volumetric changes and contrast enhancement changes in ENU induced tumors receiving Taxotere were measured by longitudinal MRI. ENU induced benign
and malignant tumors (came with 2 major types, infiltrating ductal adenocarcinoma, and non-infiltrating papillary adenocarcinoma simulating in-situ cancers). Among

all tests, only the baseline Gadomer-17 enhancements at I-min and 2-min revealed a significant difference between IDC's which grew bigger at week-I versus those
which shrank at week-I. This maybe interpreted as that tumors with a higher vascularity measured by Gadomer-17 had a better response (shrinkage), possibly due to
more drug delivery. The data also indicated that although ENU induced tumors came with a large variation, they also showed different responses to therapy. Although
ENU induced tumors may simulate the variety in human breast cancer, but it may not be a good tumor model for drug response testing.
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Characterization of Angiogenesis in The Carcinogen ENU Induced Benign And Malignant Mammary Tumor Model
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Angiogenesis in carcinogen ENU-induced benign and malignant tumor models were studied with dynamic contrast enhanced MRI using two contrast agents
(Gadodiamide and Gadomer- 17). The tumors were then excised for immunohistochemical (IHC) staining to measure expression of angiogenic biomarkers, including
mutant p53. TSP-I, VEGF, and Factor VIII microvessel density. Benign and malignant tumors had distinct contrast enhancement kinetics. Malignant tumors had a
higher microvessel density than benign tumors. MRI and IHC may provide different aspects (macroscopic and microscopic) complementing each other for assessment
of tumor angiogenesis.

As the potential of anti-angiogenic or anti-vascular therapy for cancer treatment becomes more promising, the development of valid animal models as well as
therapeutic efficacy markers have become increasingly important. The carcinogen ENU can induce benign and malignant tumors in rats, and the malignant tumors came
with various SBR (Scarff-Bloom-Richardson) grades, thus it can be used as a suitable model for studies of angiogenesis. We applied dynamic contrast enhanced MRI
and immunohistochemical (IHC) staining to study angiogenesis in the benign and malignant tumors of this model. Assessment of angiogenic biomarkers by
immunohistochemical (IHC) staining is the most commonly used technique. For each specimen, we measured the expression level of mutant p53 (mp53),
thrombospondin-I (TSP-I), Vascular Endothelial Growth Factor (VEGF), and microvessel density (MVD) using Factor VIII staining. On the other hand, contrast
enhanced imaging can be applied to measure the vascularity non-invasively. We utilized the broad spectrum of the ENU induced mammary tumor model and compared
the angiogenesis measured using MRI and IHC molecular markers. Proper validation of imaging technique will facilitate its application in therapy monitoring,
especially fbr anti-angiogenic or anti-vascular therapies.

N-ethyl-N-nitrosourea (ENU, 90 mg/kg) was injected i.p. into 30-day old SPF Sprague-Dawley rats (n=50) to induce mammary tumors. The tumors started to
appear 2 months after injection. The baseline MRI study was performed when the tumor reached approximately 1.0 cm in diameter. For each tumor the enhancement
kinetics of two contrast agents, the small agent Gadodiamide (Omniscan, 0.1 mmol/kg) and a mid-sized agent Gadomer- 17 (0.05 mmol/kg, kindly provided by Schering
AG, Germany), were measured. The volumetric growth rates, as well as the early (30-see) and maximum (approximately 2-min) enhancements between benign and
malignant tumors were compared. Each tumor was then surgically removed for IHC staining analysis to measure the expression of mp53, TSP-I, VEGF, and MVD.
The rats were kept for observation of recurrence and further development of other tumors. The tumor types and angiogenesis of primary and subsequently developed
tumors were compared.

Resuft
Ninety three tumors were found within I year after the injection of ENU. Most tumors belonged to four major types, 2 malignant and 2 benign. The malignant

tumors included ductal adenocarcinoma (n=25) and papillary adenocarcinoma (n=21), and the two major benign lesions were fibroadenoma (n-24) and adenosis
(n= 13). Multiple tumors (up to 5) could develop in one rat, all at different locations. No tumor recurrence was observed at the surgical site after removal of a previous
tumor. The subsequently developed tumors were not associated with the primary tumor. In MRI studies, two malignant tumors exhibited similar enhancement kinetics,
showing rapid early enhancing slope and high enhancement magnitude. Figure I shows the enhancement kinetics measured by Gadodiamide (a) and Gadomer-I 7 (b)
from these 4 tumor types. Two benign lesions had much slower early enhancing slope (highly significantly). The volumetric growth rates showed large variations even
within each tumor type, and they were not correlated with the enhancement kinetics of both studied contrast agents. In IHC studies, the ductal adenocarcinoma had the
highest microvessel density, then in order were papillary adenocarcinoma, fibroadenoma, and adenosis had the lowest microvessel density. All tumors had wild type
p53. VEGF and TSP-I were not significantly different among the 4 types. Higher vessel density was associated with higher MRI enhancement. Table 1 summarizes the
growth rates, 30-sec and 2-min MR contrast enhancements and the IHC data.

Discussion
lTable I: The growth rate, Gadodiamide and Gadomer- 17 enhancements at 30-sec A better characterization of this model may aid in future development of

and 2-min and the IHC biomarkers: factor VIII microvessel density, VEGF histo- diagnostic or therapeutic agents tested on this model. As in human breast
score and TSP-I optica density in 4 turtypes tumors, the enhancement kinetics of malignant tumors had a rapid up-slope,

Adenosis reaching to the maximum quickly, followed by a wash-out phase. The early
Ductal AC Papillary AC FA Adenhancement is the best parameter to differentiate benign from malignant

G(R (cc/day) 0.06.-0.13 0.07-0.14 0.03-0.03 0.05-0.06 tumors. The immunohistochemical staining was used to measure the
Gadodiamide @30s 122 -62 126-68 39- 14 57-22 angiogenic biomarkers. The ductal adenocarcinoma had the highest
Gadodiamide (a)2min 251 -69 240-75 145-54 204-65 microvessel density, then in order were papillary adenocarcinoma.

Gadomer-l 7 (it)30s 47 - 30 52 - 23 23 - 10 24- II fibroadenoma, and the adenosis had the lowest microvessel density, which
Gadomer-17 (a'2min 92 - 40 96- 32 51 - 19 73-22 was consistent with the degree of malignancy and benignity. MRI and IHC
Factor VIII MVD 79- 19 70 -20 58- 18 53- 17 data were not correlated with each other, which may be due to the problem of

VEGF H-score 134-98 74-68 126- 144 50-76 tumor heterogeneity and non-matching sampling. However. MRI and IHC
TSP-I 62 - 22 60-23 57- 27 59-21 may provide different aspects (macroscopic and microscopic) complementing

each other for assessment of tumor angiogenesis.
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Figure 1: Examples of Gadodiamide (a) and Gadomer-17(b) enhancement kinetics for one papillary adenocarcinoma(PAC), one ductal adenocarcinoma(DAC). one
adenosis(ADNS), and one fibroadenoma(FA). The malignant tumors had higher enhancements.
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As the potential of anti-angiogenic or anti-vascular therapy for cancer treatment becomes
more promising, the development of valid animal models as well as therapeutic efficacy markers have
become increasingly important. The carcinogen ENU can induce benign and malignant tumors in rats,
and the malignant tumors came with various SBR (Scarff-Bloom-Richardson) grades, thus it can be
used a suitable model for studies of differential diagnosis as well as malignant tumor grade staging.
Assessment of angiogenesis by immunohistochemical (IHC) staining is the most commonly used
technique. For each specimen we measured the expression level of mutant p53, thrombospondin-1,
Vascular Endothelial Growth Factor (VEGF), and microvessel density using Factor VIII staining. On
the other hand, imaging may be complementary to the IHC studies to measure the vascularity. In this
study we characterized the angiogenesis status of the ENU induced mammary tumor model using
Magnetic Resonance Imaging (MRI) and IHC molecular markers.

N-ethyl-N-nitrosourea (ENU, 90 mg/kg) was injected i.p. into 30-day old SPF Sprague-
Dawley rats (n=50) to induce mammary tumors. The tumors started to appear 2 months after injection.
The baseline MRI study was performed when the tumor reached approximately 1.0 cm in diameter.
For each tumor the enhancement kinetics of two contrast agents, the small agent Gd-DTPA and a mid-
sized agent Gadomer- 17, were measured. The volumetric growth rates, as well as the early (30-sec)
and maximum (approximately 2-min) enhancements between benign and malignant tumors were
compared. Each tumor was then surgically removed for IHC staining analysis. The rats were kept for
observation of recurrence, further development of other tumors, and metastasis into other organs, to
explore whether this model can be used to study recurrence and metastasis as in human breast cancer.

Ninety three tumors were found in 1 year after the injection of ENU. Most tumors belonged to
four major types, 2 malignant and 2 benign. The malignant tumors included ductal adenocarcinoma
(n=25) and papillary adenocarcinoma (n=21), and the two major benign lesions were fibroadenoma
(n=24) and adenosis (n= 13). Multiple tumors (up to 5) could develop in one rat, all at different
locations. Interestingly no tumor recurrence was observed at the surgical site after removal of a
previous tumor. Also, none of the abdominal tumors were from breast origin. We also investigated
lymph nodes from some rats, and found no sign of any cancer. In MRI studies, the two malignant
tumors exhibited similar enhancement kinetics, showing rapid early enhancing slope and high
enhancement magnitude. The two benign lesions had much slower early enhancing slope (highly
significantly). In IHC studies, the ductal adenocarcinoma had the highest microvessel density, then in
order was papillary adenocarcinoma, fibroadenoma, and the adenosis had the lowest microvessel
density. All tumors had wild type p53. VEGF and TSP-1 were not significantly different among the 4
types. Higher vessel density was associated with higher MRI enhancement.

Our results demonstrated that all carcinogen ENU induced tumors were primary tumors, and
they did not metastasize to lymph nodes or to other organs. A better characterization of this model
may aid in future development of diagnostic or therapeutic agents tested on this model.

The U.S. Army Medical Research Materiel Command under DAMD17-01 -1-0178 supported this
work.



Quantitative Vascular Density Assessed by a Semiautomatic Histological Method in Comparison with MRI
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represented a randomly selected, non-overlapping region of tumor
The development of therapeutic efficacy markers for anti- and connective tissue. The RGB color values were defined by the

angiogenic or anti-vascular therapy is in great need. Assessment of color of red blood cells in the image and by the color of the empty
microvascular density by immunohistochemical staining is the space in the blood vessels. The intravascular area was defined as a
most commonly used technique. Imaging can provide a through combination of red blood cells and clear areas devoid of any
sampling, but to date there is not a suitable agent and technique staining. To avoid contamination from necrotic debris, glandular
whose accuracy has been validated. In this study, we developed a lumen, or fat with same color-coding, it is necessary to have an
semi-automatic histological analysis method to quantitatively experienced pathologist manually define a region of interest. After
measure the cross-sectional area of vessels in carcinogen ENU the RGB values and ROI were defined, the statistical program
induced benign and malignant tumors. The results were compared counted the number of pixels within the defined area to calculate
to enhancements measured by three contrast agents, Gd-DTPA, the % vascular area. The results were compared among different
Gadomer- 17, and albumin-Gd-DTPA. types of lesions, and also correlated with the MRI enhancements

measured by 3 contrast agents.

As the potential of anti-angiogenic or anti-vascular therapy for ft,
cancer treatment becomes more promising, there is an ever The percent vascular area and the gray level enhancements at
increasing need for the development of therapeutic efficacy 3-min post contrast injection in different types of tumors, including
markers. Assessment of microvascular density by infiltrating ductal carcinoma (IDC), fibroadenoma (FA), tubular
immunohistochemical staining is the most commonly used adenoma (TA) and papiloma (PAP), are listed in table 1. Although
technique. However, the accuracy is greatly dependent on tubular adenoma and papiloma were benign lesions, we found that
successful staining of endothelial cells and highly subjective to the these two tumors showed very strong enhancements. Interestingly
heterogeneity. In this study we analyzed the vascular density in a they also had relatively high vascular density. In general, the IDC
carcinogen induced mammary tumor model, including malignant group had a significantly higher vascular density than the
tumors of various SBR (Scarff-Bloom-Richardson) grades and fibroadenoma (13±7 % vs. 8±5 %, p< 0.05). We also found 2
benign tumors [Stoica et al. Anticancer Research 4:5, 1984]. We benign "epidermal inclusion cyst" in this study, which had a very
have previously reported the characteristics of these tumors studied low vascular area (less than 0.4%) as expected from the nature of
by dynamic contrast enhanced MRI by using three contrast agents the cyst, and also very low MRI enhancements. However, on a
of various molecular weights [Su et al. JMRI 9:177-186, 1999]. one-to-one basis, we failed to obtain a significant correlation
The results indicated that the enhancement kinetics measured by between % vascular area and MRI enhancements measured by
the largest agent Albumin-Gd-DTPA in the high-grade infiltrating either of the 3 contrast agents used in this study.
ductal carcinoma (IDC) has a higher vascular volume and Table 1: %vascular area and enhancemntsat3-min tin. cti
permeability than that in the low-grade IDC, and fibroadenoma has % Vascular Gd-DTPA Gadoner-17 Alb-Gd
the lowest vascular volume. In this study we performed
quantitative vascular density measurements from the tumor "l)C-LG (n7) 13 11 % 205 ± 33 112:39 21 * 11
specimens included in that study and investigated the association IDC-MG (n7) 14 5% 214*65 168*43 44 * 15

between the MRI results and the vessel density. A semiautomatic IDC-HG(n=6) 13+4% 194+62 181±42 38:13
method was developed to measure the vascular area from the H&E FA(n-8) 8*5% 171 ±47 103:17 14*10
stained histological slides. The vascular density between malignant TA (n-6) 10* 6% 276 ± 92 170 74 38 * 9
tumors of different grades and 3 different types of benign tumors,
fibroadenoma, tubular adenoma and papiloma were also compared. Diussion

Method A semiautomatic procedure was developed for quantitative
measurements of vascular area in the H&E stained tumor slides.The carcinogen N-ethyl-N-nitrosourea (ENU, 45-180 mgikg) The advantage of this technique over the commonly used

was injected into 50 SPF Sprague-Dawley rats to induce mammary immunohistochcmical staining using Factor-VIII, CD-31 or CD-34
tumors. When the tumor had reached 1.5 cm in diameter, dynamic is that it does not count on positive staining of endothelial cells. In
contrast enhanced MRI studies were carried out by using three addition, we may separately analyze the area occupied by the red
agents, Gd-DTPA (0.1 mmollkg), Gadomer- 17 (0.05 mmol/kg), blood cells vs. the empty lumen to obtain a measure of functional
and albumin-Gd-DTPA (0.02 mmol/kg). Gadomer-17 was vessels in which the blood flows through. However, the problem of
provided by Schering AG (Berlin, Germany), which is a synthetic inadequate sampling still exists due to the nature of the analysis
dendrimeric gadolinium chelate with an apparent molecular weight from thin histological sections as compared to the imaging study.
of 35 kD. Albumin-Gd-DTPA had a molecular weight of 90 kD. Using a lower power field (e.g. I0x instead of 40x) may facilitate
The experiments were performed on a GE 1.5 T Signs scanner. iculty in the investigation of. ~~~~~~~~more adequate sampling. The difficut nteivsiaino
The dynamic images were acquired by using a spin-echo pulse correlation between vascular density and the MRI enhancements
sequence with TR/TE=140/14 ms. Gd-DTPA was injected first, I has long been recognized. Although the blood pool agent such as
hour later followed by Gadomer-17. Albumin-Gd-DTPA study was albumin-Gd-DTPA may provide a more accurate measurement of
conducted on a different day. After the imaging studies were vascular volume, a substantial enhancement could be due to the
finished, the tumor was removed for pathological examination. For leakage of agents into the interstitial space through vascular
each tumor, tissue samples from 2-6 regions were examined. In the
case of infiltrating ductal carcinoma, SBR grade was determined, permeability. Accurate measurements of vascular volume/For quantitative assessment of vascular density, we developed permeability, either with imaging or histological methods, are in

For uanitatve ssesmen ofasclar enstywe dvelped great need for the assessment of the therapeutic effect induced by
a digital dissection technique to measure the cross-sectional area of at need (or t i-vas cular) agents.
blood vessels in histological sections of tumors. Five micron anti-angiogenic (or, anti-vascular)agents.
thickness section was cut then stained with H&E. Ten digital Acknowledgemen.
images at 40x power were recorded from each slide. Each image This work was supported in part by NIH grant # R21 CA86215.
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Longitudinal Taxotere Chemotherapy Treatment Induced Vascular and Structural Changes
Measured by Dynamic Enhanced MRI
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Sincrease throughout the whole population compared to the post-I's,
Chemotherapy induced longitudinal vascular changes taking place whereas the distribution for K2 at post-2 shows an increase respect to its

during the growth of R3230 AC adenocarcinoma were investigated using post-I's throughout the whole population. Figures 2a and 2b show the
two contrast agents with different molecular weights, Gd-DTPA and pixel population distributions at post-I and post-2 measured with
Gadomer-17. Treated animals were separated into responders and partial- Gadomer-17 for Vb and K2 of the partial responder group, respectively.
responders according their viable growth rate 3 weeks after the therapy. The partial responder group still shows an increase in Vb at post-

2 
respect

In responders a decrease in the vascular volume as well as in the vascular to post-I's, but mostly in >50% pixel population range and shows a
permeability were observed at 2-week post-therapy compared to I-week's, decrease in K2, mostly pronounced in >60% percentile range. The pixel
whereas in controls an increase in both the vascular volume and population distribution curves of Vb and K2 for the responder group,
permeability were observed at 2-week's compared to I-week's as which are shown in figures 3a and 3b, respectively, show a decrease in Vb
measured by Gudomer-17 using a pharmacokinetic model on a pixel-by- in the entire population, and also show a decrease in K2, markedly in
pixel basis, suggesting that vascular changes assessed by Gadomer-l 7 >50% percentile range, going from post-I to post-2.
could serve as, a tumor treatment monitor. too 5

PH Po.i-

Chemotherapy induced vascular and structural changes taking place
in tumors were studied by using dynamic contrast enhanced MRI. In this
study we investigated the longitudinal vascular changes occurring in o
tumors receiving Taxotere (an anti-angiogenic drug) treatment in order to CL

structural changes (volumetric changes of viable region) in tumorsv -
growth. In order to investigate the longitudinal vascular changes, we 5.5 a d.1 0.2 3 0A
applied the dynamic contrast enhanced MRI with two different contrast Vb (%) K12 (lmftnn.)
agents, Gd-DTPA (<I kD) and Gadomer-17 (35 kD), on the R3230 AC (a) (b)
adenocarcinoma model. The baseline study was first performed then the Figure I. The pixel population distribution curves of Vb(a) and K2((b)
animals received weekly taxotere treatment and weekly follow-up MRI from the control group.
studies. The measured enhancement kinetics of both contrast agents were 1s
analyzed with a pharmacokinetic model to derive parameters related to
vascular volume (Vb) and permeability (-K2) on a pixel-by-pixel basis. In r 75
each tumor the pixel population distribution curves of these two measured .2
parameters and the volumetric changes in tumor size were calculated and so
the longitudinal changes in these two parameters were conmpared between1.
the control and the treated groups to assess the differences between them.

0 P-. Pa-

Nine female Fisher-344 rats (160 - 170 g) bearing the R3230 AC . - .
adenocarcinomas were used in the study. When the tumor size grew to V (% K o' 1min.)
about 0.8 cm in diameter, the baseline study was conducted right after (a) (b)
which six of the nine rats received the chemotherapy by injection of Figure 2. The pixel population distribution curves of Vb (a) and K2 (b)
taxotere (4 mg/kg). At one (post-I), two weeks (post-

2
) and three weeks from the partial responder group.

(post-3) after the baseline study the experiments were repeated and the rats
in the treated group received the chemotherapy again after each MRI
study. All of the MR1 experiments were perfornmed on a 310-T scanner
using a Marconi console. The T2-weighted images covering across the .

tumor were acquired for volumetric measurements and a fast 3-D. Vol,
TI-weighted dynamic sequence with TRITE " 18/3.6 ms was used for the & s
dynamic imaging with sequential injections of Gd-DTPA (0. 1 mmol/kg), 0a-
followed by Gadomer-17 (0.05 mmol/kg. a dendrimeric compound with a iI
size equivalent to 35 kD protein, provided by Schering AG, Berlin,
Germany). The viable volumes, which were separated by the threshold ... POU-, P"_2
segmentation from the total tumor volumes, measured at post-3 were i 5 is is 2. o a.,.u2 us3 0m
normalized to their respective volumes measured at post-2 to calculate the (a) - Vb (%) K2 (l/mln.) (b)
viable growth ratio in each tumor. The enhancement kinetic from the Figure 3a The pixel population distribution curves ofVb (a) and K2 (b)
viable region was measured and analyzed on a pixel-by-pixel basis by from the respopder group.
using a 2-compartmental model and the pixel population curves of Vb and
K2 were obtained in each tumor. The longitudinal vascular changes in Vb Disusio
and K2 were then compared between the control and the treated tumors. The vascular changes after the chemotherapy in this study as

measured by Gadomer-17 seem to suggest that these changes could be
Resit$ used to predict the structural changes in tumor that would follow. The

Three of the six treated rats were classified as the responder group as tumors in the responder group showed clearly different vascular changes
they showed a viable growth ratio of less than 1 (0.82, 0.88 and 0.88), al week-2 post the chemotherapy was initiated, which preceded the week-
whereas the other three treated rats were classified as partial responder 3 post time point when the viable growth ratio was determined to show the
group as their ratios were greater than 1 (1.07, 1.22 and 1.26), but still decrease in the viable volume, as measured by the parameters Vb and K2
lower than the control group's (1.92, 1.93 and 2.24). The results obtained compared to the control tumors' at the same time point. The results
from analysis of the Gd-DTPA kinetics did not show any differences suggest that the early vascular changes in Vb and K2 as measured by
between the control and the treated groups and not presented here, Figures Gadomer- 17 could possibly serve to predict the treatment efficacy.
Ia and lb show the pixel population distributions of Vb and K2,
respectively, for the control group measured with Gadomer-17 at post-I Acknowledgmet
and post-2 which preceded the determination of the viable growth rate by This work was supported in part by the US ARMY BCRP grant number
one week. In the control group the curve at post-2 for Vb shows an DAMDI7-0I.4178.
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Characterization of Carcinogen ENU Induced Benign and Malignant Mammary Tumors in Rats:
Volumetric Growth Rates, Contrast Enhancement Kinetics, and Longitudinal Monitoring

Hon Yu, Min-Ying Su, Jun Wang, Phillip M. Carpenter 2, and Orhan Nalcioglu
Center for Functional Onco-Imaging, and 2Department of Pathology, University of California-Irvine, CA, USA

Absrc Reu/s
The carcinogen ENU could induce malignant tumors of Ninety three tumors were found in I year after the injection of

various nuclear grades and different types of benign tumors, thus it ENU. Most tumors belonged to four major types, 2 malignant and
can serve to investigate the sensitivity and specificity of 2 benign. The malignant tumors included ductal adenocarcinoma
experimental diagnostic agents for differential diagnosis and tumor (n=25) and papillary adenocarcinoma (n=21), and the two major
staging. However, whether it can be used for studies of recurrence benign lesions were fibroadenoma (n=24) and adenosis (n=1 3).
or metastasis has rarely been studied. We measured the volumetric Multiple tumors (up to 5) could develop in one rat, all at different
growth rate and the enhancement kinetics of Gd-DTPA and locations. Interestingly no tumor recurrence was observed at the
Gadomer-17 for each tumor, and differences between malignant surgical site after removal of a previous tumor. Also, none of the
and benign tumors were investigated. Each tumor was surgically abdominal tumors were from breast origin. We also investigated
removed and the rats were kept for longitudinal monitoring for lymph nodes from some rats, and found no sign of any cancer. The
recurrence, development of other tumors, and metastasis. growth rates and the early (30 sec) and maximum (2-nin)

enhancements measured by Gd-DTPA and Gadomer-17 are listed
in table I. The bar graphs are shown in Figure 1. The two

We performed a longitudinal study to characterize carcinogen malignant tumors exhibited similar enhancement kinetics, showing
ENU induced mammary tumor model. ENU can induce benign and rapid early enhancing slope and high enhancement magnitude. The
malignant tumors in rats, and the malignant tumors came with two benign lesions had much slower early enhancing slope (highly
various SBR (Scarff-Bloom-Richardson) grades, thus it can be significantly). However, adenosis could reach to a higher
used a suitable model for studies of differential diagnosis between enhancement at 2-min after contrast administration, almost
benign and malignant tumors as well as malignant tumor grade comparable to that in malignant tumors. The enhancements at 2-
staging. For each tumor 2 MRI studies were performed. The min between fibroadenoma and malignant tumors also became
volumetric growth rates were calculated from the sizes measured closer, but still significantly different.
in these two studies. The enhancement kinetics of two contrast
agents, the small agent Gd-DTPA and a mid-sized agent Gadomer- TRe
17, were measured. The volumetric growth rates, as well as the Papillary A Ductal AC Adenosis FA

early (30-see) and maximum (approximately 2-min) enhancements GR (cciday) 0.07*0.14 0.06±0.13 0.050.06 0.03 + 0.03
between benign and malignant tumors were compared. Each tumor Gd-DTPA 30s 126 ± 68 122 - 62 57 22 391 14
was surgically removed and the rats were kept for observation of Od-DTPA 2min 240 ± 75 251 * 69 204 65 1451 354
recurrence, further development of other tumors, and metastasis Gadom~l 17 30s[ 52 ± 23 |47 * 30 24:t IfI 23 * 10

into other organs, to explore whether this model can be used to Gadomer17 2mit 96 * 32 92+40 73122 51 419
study recurrence and metastasis as in human breast cancer.

Ode.5fs" Ode-2min

N-ethyl-N-nitrosourea (EINU, 90 mg/kg) was injected i.p. into
30-day old SPF Sprague-Dawley rats (n=50) to induce mammary
tumors [Stoica et al. Anticancer Research 4:5, 1984]. The tumors
started to appear 2 months after injection. The baseline MRI study
was performed when the tumor reached approximately 1.0 cm in
diameter. The experiments were performed on a home-built 3.0 T PAC SAC ASKS PA PAC DAC ASKS FA (a)
scanner with technical support provided by Marconi Inc. The dao...o **".1.
protocol included a T2-weighted fast spin echo sequence (TRI/TEf
3000/105 ms, echo train=8, FOV=14 cm, 2-mm slice) covering the
entire tumor for volumetric measurement, and dynamic contrast
enhanced studies using two agents, Gd-DTPA (0.1 mmol/kg) and
Gadomer-17 (0.05 mmol/kg). Gadomer-17 was provided by
Schering AG (Berlin, Germany), which is a synthetic dendrimeric
gadolinium chelate with an apparent molecular weight of 35 kD. PAC DAc ADSM PA PAC SAC ASKS FA (b)
The dynamic images were acquired by using a 3D gradient echo Figure 1: The enhancements at 30-sec and 2-min after injection of Gd-
pulse sequence with TR/TE=18/3.6 ms, flip angle-20

0
, FOV=l0.5, DTPA(a) and Gadomer-I 7(b) in 4 tumor types. Malignant tumors had

5-mm thickness). Gd-DTPA was injected first, and I hour later higher early enhancements. Results measured by both agents were similar.

Gadomer-17 was injected. In 1-3 weeks when the tumor size was
approximately doubled, the follow-up MRI study was performed.
Only the T2-weighted sequence was performed to measure the The carcinogen ENU induced benign and malignant tumors,
tumor volume, The volumetric growth rates were expressed in thus this animal tumor model was. suitable for studies of
cc/day.The early and maximum enhancements at 30-see end 2-rin experimental diagnostic agents. A better characterization of this

after contrast administration was measured. After the imaging model is needed. Our results demonstrated that all developed
studies were finished, the tumor was surgically removed for tumors were primary tumors, and they did not metastasize to

pathological examination. The rats were kept alive for observation lymph nodes or to other organs. The growth rates showed large

of recurrence or development of additional tumors. If more tumors variations even within each tumor type, and they were not
were found, the same baseline and follow-up MR] studies were correlated with the enhancement kinetics of both studied contrast

performed again. Rats were euthanized when there were tumors agents. As in human breast tumors, the early enhancement is the

found in the abdomen. The abdominal tumor was also removed for best parameter to differentiate benign from malignant tumors.

pathological examination to determine whether it was a metastasis Acknowledrement
from the mammary tumor or it was from a different origin. This work was supported in part by NIH grant # R21 CA86215.
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